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1.  Introduction and goals 
 
In the 2000s, the assumed presence of unconventional hydrocarbons, specifically basin-
centred gas accumulations in the Makó Trough, had drawn the attention of several 
exploration companies (Badics et al., 2011).  However, economic gas production has 
not been achieved (Badics et al, 2011) during exploration a vast amount of samples and 
data was collected.  As a result, sedimentological architecture, geophysical and 
geochemical properties of these deposits become broadly known. Despite that, a 
detailed study on the diagenetic evolution of the deposits in the Makó Trough was not 
carried out. 
 Basin-centred gas accumulations are assigned as sandstone reservoirs of large extent 
but very low permeability (Law, 2002).  These reservoirs are usually abnormally 
pressured and lacking a definitive gas-water contact (Law, 2002). Tight sandstones are 
reservoirs characterized with low porosity (<10%), low permeability (<0.1mD), 
complex pore structure and heterogeneity (Zou et al., 2012; Holditch, 2006; Wang et al., 
2017; Lai et al., 2018).  
Reservoir quality of sandstones are mainly controlled by primary depositional 
characteristics but can be significantly modify by diagenetic alterations (Morad et al., 
2000, 2010; R. Worden and Burley, 2003; Schmid et al., 2004; Dutton, 2008; 
Ajdukiewicz and Lander, 2010; T. R. Taylor et al., 2010; Zhang et al., 2015; Lai et al., 
2016). Diagenesis of unconventional tight sandstone reservoirs was recently studied in 
several basins, especially from China, Germany, and the United States of America 
(Higgs et al., 2007; Stroker et al., 2013; Becker et al., 2017; Li et al., 2017; Wüstefeld et 
al., 2017; Xiao et al., 2018; Lai et al., 2018; Ma et al., 2018; Busch et al., 2019; Fan et 
al., 2019; Kadkhodaie-Ilkhchi et al., 2019). Most significant processes, influencing 
reservoir quality are compaction, cementation of quartz and carbonates and clay mineral 
transformation reactions. Porosity enhancement in tight gas sandstones is usually 
connected to dissolution of unstable minerals and formation of secondary porosity. 
Preservation of porosity is generally assigned to formation of chlorite coats or early 
overpressure. Although, dissolution of unstable grains, and precipitation of clay 




In case of tight gas sandstones, diagenetic facies is often used for 
characterization of reservoir quality (Fu et al., 2009; Lai et al., 2018). This concept is 
based on the determination of distribution of various diagenetic reactions and their 
impact in porosity and permeability evolution. 
This study investigates the deeply buried Upper Miocene sandstones from the 
Makó Trough, focusing on diagenetic history and porosity evolution. The main 
objectives of the present research include: (1) petrographic and geochemical analysis of 
sandstones; (2) interpretation of paragenetic sequence and porosity evolution; (3) 
determining the origin of diagenetic minerals and the porosity; (4) reconstruct the fluid 






2. Geological setting 
 
2.1. The Pannonian Basin 
 
In the Great Hungarian Plain of the Pannonian Basin, the back-arc extension resulted in 
the formation of a significant number of sub-basins separated by uplifted basement 
highs (Balázs et al., 2016). The extension of the Great Hungarian Plan migrated in space 
and time from Early Miocene until 9Ma. Balázs et al (2016) published a novel 
definition of tectonic system tracks model in the Pannonian asymmetric extensional 
basins. Accordingly, the synrift/postrift boundary and the last stage of basin inversion is 
older in the SW and progressively younger east north-eastward. Synrift phase in the 
Makó Trough was coeval with the deposition of Endrőd Formation (Balázs et al, 2016). 
Pannonian Basin opened as a back-arc basin through a set of low angle normal and 
strike slip faults which resulted in the formation of depressions and basement highs 
between late Early Miocene and early Late Miocene, 20-11 Ma (Royden and Baldi, 
1988; Tari et al., 1999). From Middle/Late Miocene Boundary until early Late Miocene 
the post-rift inversion of the Pannonian Basin initiated, and followed by a long term 
post-rift thermal subsidence which led to the formation of deep basins (Tari et al., 
1999). 
 
2.2. Lake Pannon 
 
Lake Pannon was an endorheic lacustrine system of brackish water (Geary et al., 1989), 
isolated from the Eastern Paratethys at 11,6 Ma ago as a result of the uplift of the 
Alpine-Carpathian Orogen (Magyar et al., 1999, 2013). The lake persisted for 8 Ma 
with a variety of depositional environment (Juhász and Magyar, 1993). 
Based on paleontological, sedimentological and seismic data Magyar et al. (2013, 




 In the first stage of evolution transgression occurred. From a mosaic of interconnected 
lakes and islands the Pannonian Basin evolved to a coherent lake with a complex 
topography from 11.6 Ma to 8 Ma. This was caused partly by syn-, partly by post-rift 
subsidence and increase in precipitation (Balázs et al., 2018). As a result, the central 
part of the basin and many of the basement highs got flooded (Müller and Magyar, 
2008; Sztanó and Magyar, 2010; Magyar et al., 2017). Subsidence of deep depressions 
started during this phase (Balázs et al 2016).  
 The second interval of the lake evolution was a long term normal regression driven by 
high sediment input (Sztanó et al., 2013). Progradation of the shelf-slope system and the 
filling up of the lake basin lasted until the Early Pliocene(Magyar et al., 2013). 









At about 10,5 Ma ago, the paleo-Danube river filled up the North Alpine Foreland basin 
and discharged into Lake Pannon a vast amount of sediments (Fig. 2.2., Magyar et al, 
2013). In the western margin of the Kisalföld/Danube basin, paleo-Danube constructed 
a morphological self which gradually prograded towards the southeast (Magyar et al., 
2013; Sztanó et al., 2016). 
 
 
Fig. 2.2. Paleogeography map of the Pannonian Basin and the Danube, about 9 Ma 
(Magyar et al, 2013 and references therein). Abbreviations: NAFB: North Alpine 
Foreland Basin, VB: Vienna Basin, K/DB: Kisalföld/Danube -basin, PBS: Pannonian 
Basin System, DB: Dacian Basin, pDs: paleo-Danube shelf, pTs: paleo-Tisza shelf. 
 
The basin fill succession started with condensed sedimentation of calcareous marl 
(Endrőd Formation). In the deep parts of the lake local intercalation of sands and 
conglomerates of mass gravity flow origin occurred. At about 10 Ma ago regression 
started, rivers entered the lake from NW, N and NE direction, sediment through large 
rivers was shed to Lake Pannon form adjacent mountains. Calcareous marls were 
gradually displaced by clay marls due to the suspended load of the rivers. Terrigeneous 
sediments gradually built a wide morphological shelf bordered by a slope. Via this 
shelf-slope system huge volumes of sand were transported to the basin interiors, thus 
Lake Pannon was filled from north to south by turbidite lobes (Szolnok Formation), 
progradational slope deposits (Algyő Formation) and finally by stacked deltaic lobes 
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(Újfalu Formation. As subsidence continued over large areas up to the Quaternary 
lacustrine deposits are overlain by fluvial sediments (Zagyva Formation) (Juhász, 1992, 
1994; Sztanó et al., 2013, 2016).  
 
2.3. The Makó Trough 
 
The Makó Trough is one of the youngest and deepest sub-basin of the Pannonian Basin 
System (Fig. 2.3). Rifting and subsidence of the Makó Trough is related to the 
formation of the Algyő metamorphic core complex (Tari et al., 1999). Although there 
were small, Middle Miocene rift basins in the area, rifting of the Makó Trough occurred 
during the early Late Miocene parallel with the deposition of the Endrőd Marl. The 
Szolnok Formation represents the immediate post-rift, while Algyő and Újfalu 
Formations deposited in late post-rift phase (Balázs et al., 2016). Accordingly, 
subsidence rates were high during deposition of the studied sandstones. 
Chrono- and lithostratigraphy of the deposits in the Makó Trough is presented at 
Fig. 2.4. (Sztanó et al, 2013). Well Makó-7 near the central, still not in the deepest part 
of the trough demonstrate, that the thickness of the deep-water lacustrine deposits 
(Endrőd, Szolnok, Algyő), analysed in this study attains 3500 m, whereas the total 





Fig. 2.3. Interpreted seismic section from the Makó Trough (Balázs et al, 2016).  
 
In the oldest siltstones and the black calcareous shales of Endrőd Marl intercalations of 
conglomerates and sandstones are common, generating a sedimentary succession about 
1000 m thick (Fig. 2.5.,Bada et al. 2014). They are poorly sorted, matrix-supported 
chaotic beds interpreted as debrites or poorly sorted medium to coarse-grained 
sandstones interpreted as turbidites. Both consist of grains derived from erosion of 
basement rocks exposed on the neighbouring Algyő and Battonya highs (Sztanó et al, 
2013). The overlying clay marls are also about 500 m thick, but in this interval coarse-
grained intercalations are scarce, interbeds are mostly fine-grained sand with scattered 
angular granules of still local origin (Bada et al, 2014). 
The Szolnok Formation is 1000 m thick and is made up of dominantly fine 
grained thin- to thick-bedded amalgamated sandstones derived from distal Alpine-
Carpathian sources. The formation is clay poor in general, intercalations of mudstones 
are usually less than a few meters, sand units are stacked to a thickness of 50-80mm 
(Sztanó et al, 2013; Bada et al, 2014). These represents lobes and lobe complexes 
deposited as a basin-centred, strongly confined turbidite system (Sztanó et al., 2015). 
Higher up in the succession abundancy of mud-rich sand beds increases indicating the 
decrease of basin-scale confinement.  
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The fine-grained sandstone beds in Algyő Formation deposited as channel-
levees and simple turbidite lobes relatively near the slope (Sztanó et al, 2013). 
Porosities and permeabilities are 1-2 order of magnitude higher than in the underlying 
Szolnok Formation (Bada et al 2014). Their formation was controlled be climatically 
driven lake-level variations on a time-scale of 100 kyr (Sztanó et al. 2013). In contrast 
to Szolnok Formation here the sandy units are 20-50 m thick, while mudstones between 
are also 20-30 m thick. Frequent and free lobe switching indicates a non-confined 
system (Sztanó et al 2015). These turbidites at the lower part of Algyő Formation are 
also about 500 m thick. 
 
Fig. 2.4. Map of Neogene basement depth with the location of the MAkó Trough (Bada 





Fig. 2.5. Chrono- and lithostratigraphy of the sediments in Makó Trough. In M6 and 
M7 wells, the lithologies are indicated by mirrored gamma logs (Sztanó et al, 2013; 
Balázs et al, 2016). 
 
 
2.4. Hydrocarbon systems 
Three major petroleum systems exist in the Pannonian Basin.the oldest is in the Paleo-
Mesozoic-tectonostratigraphic unit, the middle system is Paleogene and the youngest 
system is associated to the Neogene (Horváth and Tari, 1999). In Neogene 
tectonostratigraphic unit the oil-generation window is located in the depth range of 2.4- 
4.3 km (Horváth et al. 1988; Szalay and Koncz 1991; Fig. 2.6.). Clayton, Spencer, and 
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Koncz (1994) reported that Badenian, Sarmatian and Pannonian source rocks have total 
organic content of 1-2 %. These source rocks contain type III and type II-III kerogens 
(Szalay and Koncz, 1991; Badics and Vető, 2012). Unconformities at top and bottom of 
synrift sequence are the most common migration pathways, while traps are usually 




Fig. 2.6. Schematic section of the hydrocarbon system of the Neogene 
tectonostratigraphic unit in Great Hungarian Plain (Horváth and Tari, 1999, Tari and 
Horváth, 2006). 
 
According to organic geochemical data from Hód-1 (Sajgo, 1984) and Makó-7 wells 
(Law et al., 2009)  TOC values for Szolnok Formation are below 0.7 wt% while in 
Endrőd Formation 0.75- 0.95 wt% (Fig. 2.7.). Considering the vitrinite reflection as 2.0- 
2.2 % Ro, Endrőd Marl is a mature source rock, with original TOC of 1.25- 1.5 wt%. In 
contrast, Szolnok Formation is considered immature in neighbouring wells (Fig. 2.7.). 
The lower calcareous part of Endrőd Marl can be considered a fair quality, gas prone 






Fig. 2.7.  TOC values and carbonate content of sediments on Makó Trough, Hód-1 well 
(Sajgo, 1984; Badics et al., 2011). 
 
The largest oil and gas field in Hungary, Algyő Field, is situated southwest from 
Makó Trough (Dank, 1988; Magyar et al., 2006). In this field, the majority of reservoirs 
can be found in Újfalu Formation, a smaller portion is related to base of slope turbidites 
of Algyő Formation, the basal conglomerates of Békés Formation and the upper 
fractured zone of the metamorphic basement. Seals are fine-grained intercalations both 
in the deltaic and turbidites systems. Koncz and Etler (1994) reported that oils in Algyő 
Field show unusual trends of decreasing maturity and increasing density. Isotopically 
heavier, thermally most mature oils were trapped in shallow reservoirs, while thermally 
less mature oils in deeper reservoirs. In deeper formations, the maturity of oil 
corresponds to the maturity of adjacent slope deposits. Thus, it is interpreted as 
allochtonous and originated from a short distance lateral migration. In the other hand, 
oil in shallower reservoirs is originated from long distance secondary migration from 
deeper and more mature sources(Szalay and Koncz, 1991; Magyar et al., 2006). 
Badics et al (2011) estimated the generated volume of hydrocarbons in the Makó 
Trough by assessing the hydrocarbon potential of source rocks, thermal maturity history 
and timing of hydrocarbon generation. Makó Trough was assumed as a potential basin-
centred gas accumulation (cf. Law 2002) which is an unconventional gas accumulation 
with tight sandstone reservoirs of regional extent but very low porosity and 





 is much less than the volume needed to fill the sandstones of the 
14 
 




), which would mean 5-10% gas 
saturation only (Badics et al, 2011). In most economic tight sands gas-saturation is 60-
80% of the free pore volume. The potential shale gas interval is buried to 5000- 6000 m 
and has a very high temperature of 225- 270
o





Fig. 2.8. Variation of temperature and vitrinite reflectance with depth in Makó Trough, 




Tóth and Almasi (2001) divided the Pannonian Basin into five hydrostratigraphic units: 
Pre-Pannonian, Szolnok, Great Plain Aquifers and Endrőd, Algyő Aquitards, the latter 
contains many high permeability lenses and fractures. They also observed that in the 
basin two superimposed and laterally extensive hydraulic regimes are present with 
independent and separate sources of fluid drives. The upper, gravity driven regime and 
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the lower overpressured regime are separated by a transitional zone, varying between 
200- 1700 m depth.  
In overpressured regime the dominant fluid flow vector direction is upward, the vertical 
pressure gradient is superhydrostatic. Czauner and Mádl-Szőnyi (2013) distinguished 




Fig.2.9 Directions of regional driving force in the vicinity of the Makó Trough, on the 
Pre-Neogene basement map (Czauner and Madl-Szőnyi, 2013). 
 
Varsányi, Matray, and Ó.Kovács (1997) distinguished three flow regimes within the 
Pannonian Basin (Fig. 2.10.): 
 In Pleistocene sediments an intermediate flow regime is present, with Ca-Mg-HCO3 
(calcium- and magnesium-bicarbonate) water types (Erdélyi, 1979). 
 In deeper zones in Pannonian sediments (below 2500 m) a regional flow regime is 




 The bottom of the regional system is the boundary between Újfalu and Algyő 
Formations, below which an overpressure of 15% is characteristic. Pannonian sediments 
contain NaCl-NHCO3 type water and are rich in dissolved organic matter.  
 
In the area of Szeged, the temperature gradient is 67
o
C/ km in depths shallower than 
3000 m and 30
o
C/ km below that depth (Bérczi and Kókai, 1976). Hydro-chemical 
analysis of Varsányi et al (1997) in the area of Szeged imply to paleometeoric origin of 
pore water in in the deposits of Újfalu and Zagyva Formations and Pleistocene 
sediments in the depth range of 550- 2500 m. In pore waters form the boundary of 
Pannonian-Pontian deposits an enrichment of heavy isotopes was detectable comparing 
to the local meteoric water line. This indicates that paleometeoric waters were mixed 
with oil field waters squeezed from underlying fine grained sediments. Dissolved solid 
content and δ
13
C values increases with depth and temperature from Zagyva to Újfalu 
Formations (Varsányi et al, 1997). 
In the central part of Pannonian Basin deep-water (Szolnok Formation) and 
shallow-water (Újfalu Formation) sediments are separated by a mostly continuous, 
widespread aquitard (Algyő Formation) (Tóth and Almasi, 2001; Varsányi et al., 2011). 
In this area two hydro-geochemical ―environments‖ can be distinguished: in sub-basins 
NaHCO3-type water of paleo-meteoric or mixed origin is dominant, while in fields, 
located above elevated basement, NaCl-type water of non-meteoric origin is dominant. 
Cl dominated water should be the result of a mixture between ascending pre-pannonian 
normal salinity marine water and pannonian brackish water trapped in sediments 
(Varsányi and Ó.Kovács, 2009). NaHCO3 water of non-meteoric origin formed in 
similar way with the difference that Algyő Formation is aquitard in sub-basins. 
Overpressure was formed in the layers under Algyő Formation and the mixture of pre-
Pannoinan and in-situ porewater was exposed to microfiltration. Cl- left behind, while 






Fig. 2.10. Potentiometric profile of the southeastern part of the Pannonian Basin (Tóth 
and Almasi, 2001; Varsányi et al., 2015). 
 
Porewater data from Makó Trough suggest a complex hydrological system (TXM/ 
internal report). In Algyő Formation brackish porewater is characteristic (7.5- 9 mg/l 
TDS), while in Szolnok Formation, low values of brackish water (1.4- 2.4 mg/l) are 
dominant. In upper part of Endrőd Formation also brackish values are characteristic 
(2.2- 3.7 mg/l), while in lower part of Endrőd Formation a higher salinity, brackish to 
marine pore water is present (18- 40 mg/l). It is important to mention that the highest 
salinity values can be found in the margin of the basin, close to basement (Mcs-1, Szk1 
wells). 
Based on ostracode and mollusc fauna comparison to the modern fauna of the 
Caspian, Azovan and Black seas, the salinity of Pannonian Basin could be 8 to 15 ppt in 





In turbidite sandstones of the Szolnok Formation, near Szolnok and in Makó Trough 
fluid systems were analysed by Mátyás (1994), Mátyás et al. (1996) and Mátyás and 
Matter (1997). They found two different types: 
 In the first type dominant diagenetic minerals are ankerite, kaolinite and siderite, while 
calcite is subordinate. Carbonate and clay minerals are characterized by light isotopic 
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values. In these sandstones secondary pores were formed due to feldspar alteration. 
These features were interpreted to indicate the influx of meteoric water during burial. 
Sedimentologically, these are middle fan channelled facies association comprising 
relatively thick (>2 m) packages of amalgamated sandstone beds. 
 In the second type the paragenesis is dominated by calcite, chlorite and illite. These 
minerals were interpreted to form by internal reactions, with no extensive porosity 
redistribution. It was concluded that no extraformational fluid flow could penetrate into 
these sandstones of low hydraulic connectivity. Diagenetic components were sourced 
from compactional waters expelled from interbedded shales during burial. 
Sedimentologically, these are middle fan depositional lobe facies association 
comprising thin sheet-like sandstones with significant lateral extent (Mátyás and Matter, 
1997). 
 
Based on geochemical data and the diagenetic carbonates in Pannonian turbidite 
sandstones   mixing of meteoric water and original pore water is the dominant process at 
the Szolnok area, while carbonate minerals from Makó Trough were formed from 
porewater evolved during burial due to rock-water interaction (Mátyás, 1994). Based on 
their observations, two calcite generations are distinguishable in these sediments. 
Oxygen and carbon isotopic values of early calcite are systematically 3-6 ‰ more 
negative than late calcite, which was interpreted as the effect of isotopically heavy water 
originating from the transformation of smectite to illite during diagenesis.   
Based on observations and computer-modelling Mátyás and Matter (1997) 
proposed that feldspar replacement by kaolinite was caused by the influx of meteoric 
water. Clay mineral assemblage of the Makó Trough is composed of illite, chlorite, 
kaolinite and mixed layer smectite/illite (Mátyás, 1994). Proportions of those minerls 
are relatively constant with depth, but at 2000 m an increase in relative amount of 
mixed layer smectite/illite and decrease in the amount of kaolinite occurs. In mudrocks 
of the Makó Trough depth related changes in the clay minerals were also observed by 
Hillier et al. (1995). At 2500m depth the layering changed from random to ordered in 
mixed layer illite-smectite. In areas with low heating rates (e.g. the Vienna Basin) 
smectite to illite reaction is more advanced than in high heating rates areas of the 
Pannonian Basin (Hillier et al, 1995).  
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In Hód-1 well Lovas (2004) observed that from 2000 to 4500 m smectite content 
decreases monotonously while illite increases. Between 4500 to 5000 m smectite 
increases, while from 5000 m it decreases again. Additional TEM analysis indicated 
that in that zone vermiculite occurs. This zone correlates to the overpressured zone 
(Bada et al., 2008). These observations led to the conclusion that a change in the 
composition of the sediments and not the overpressure is the cause of the above 
mentioned shift in the clay mineral assemblage. 
In deeper part of the Makó Trough natural gas is rich in H2S and in 
organosulphur (Vető et al., 2009). Above 4500 m isotopically heavy sulphur (-4,7 to 
34,9 ‰), cubic and fine grained pyrite, solid bitumen and high amounts of ankerite are 
present. Based on these criteria, the zone of thermal sulphate reduction (TSR) was 






3. Materials and methods 
3.1. Samples 
Samples were taken from six wells from different structural settings (Fig. 2.4., Fig. 
3.1.).  Two wells (M6, M7) are situated in the deepest central part of the Makó Trough. 
Four wells (Mcs1, K1, Szk1, BD1) are situated in marginal settings. Three formations 
of Pannonian age were sampled:  
 Endrőd Formation 
 Szolnok Formation 
 Algyő Formation 
 
 




3.2.1. Optical microscopy 
15 core intervals from 6 wells were sampled from the Makó Trough in the depth 
interval of 2702 to 5475 m (Figs. 2.4., Fig. 3.1.). 160 thin sections were analysed (140 -
Geological Institute of Hungary, 25- Eötvös University, 10 ALS Petrophysics, 6 KIRK 
Petrophysics, 4- Szeged University). All of these samples were impregnated with blue 
resin before thin sectioning in order to indicate porosity. Staining with Alizarin Red S 
and K-ferricyanide (Dickson, 1966) was applied to all of the thin sections in order to 
distinguish carbonate minerals. Additionally, 10 samples were stained with a potassium 
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rhodizonate solution to distinguish plagioclase and sodium cobaltinitrite solution to 
distingush K-feldspar. Point counting was performed on 31 samples to investigate 




3.2.2. Blue light microscopy 
A microscope equipped with a Hg vapour lamp and filters for blue light excitation 
(450–490 nm) was used to detect organic matter in the samples. The filter set was 
composed of a diachromatic beam splitter (510 nm) and a barrier filter (515 nm). 
 
3.2.3. Cathodoluminescence microscopy 
Cathodoluminescence (CL) studies were performed using a MAAS-Nuclide ELM-3 
cold-cathode CL device (Measurement and Analysis Systems, Inc., Lowell, MA, US) 
on polished thin sections operating at 10 kV (Eötvös University).  
 
3.2.4. SEM 
Amray 1830i type Scanning Electron Microscope equipped with INCA Energy-
dispersive X-ray spectrometer was used in the secondary electron (SE), backscatter 
electron (BSE) and cathodoluminescent (CL) modes on polished thin sections and in 
broken surfaces (Eötvös University). 21 samples were analyzed.   
Fractured surfaces, coated with gold were studied on a FEI Inspect S Scanning Electron 




The chemical composition of minerals was determined by a JXA-8530F type Electron 
Probe Microanalyzer in WDS mode (Slovak Academy of Sciences). Measurement 
conditions were the following: accelerating voltage of 15 kV, probe current 20 nA, 




3.2.6. X-ray diffraction 
X-ray diffraction method was used for identification of mineralogical composition in 
bulk rock samples and in separated clay fractions. A Panalytical PW 3040/60 X‘Pert 
PRO diffractometer (CuKα radiation, 40 kV, 40 mA, step size 0.0167 s per step). at 
University of Vienna, Department of Geodynamics and Sedimentology was used. 
For bulk mineralogy semi-quantitative estimation of the mineral constituents of 
the bulk samples were made following the method of Schultz (1964). In this method, 
the error limit is ± 10% for phases present in amounts >15% of the sample. 
For clay-mineral analysis the <2 µm fractions were separated from the 
sandstones (Moore and Reynolds, 1997).  Sandstones were crushed with a hammer, then 
disaggregated with diluted H2O2 and treated with a 400 W ultrasonic probe (2- 3 min). 
Carbonate containing samples were treated with 0.1 M EDTA solution (pH 4.5) and 
washed with distilled water (Glover, 1961; Kohler and Wewer, 1980).  Size 
fractionation was accomplished by timed sedimentation (Stokes‘size fraction).  
Oriented XRD mounts were prepared by pipetting the suspensions (7 mg sample 
in 1 ml of distilled water) onto glass slides and analyzed after air drying. Furthermore, 




 ions, followed by ethylene glycol or 
glycerol saturation or heating (550°C), in order to recognize expandable or heat-
sensitive clay minerals (Moore and Reynolds, 1997).  
The <0.2 µm fractions were separated by timed centrifugation. The resulting 
suspensions were concentrated by evaporation and the wet samples were freeze dried. 
Oriented preparations for XRD were made by dispersing ~5 mg clay separate in 1ml of 
water, pipetting the suspension onto a glass slide and dried at room temperature. 
Oriented XRD mounts were solvated with ethylene glycol at 60 
o
C for 12 h.  
In mixed-layer phases the percentage of illite was determined by the 2Θ difference 
values of the peak positions 001/002 and 002/003 of the illite/smectite mixed layer 





3.2.7. Stable isotopic mass spectrometry 
Polished sections of 1-cm-thickness were sampled by a binocular based computer 
controlled micro-mill, which allowed the separation of carbonate phases. 
Stable carbon and oxygen isotope analyses were carried out on a MAT253 gas isotope 
mass spectrometer (Thermo Scientific) coupled to a Kiel IV (Thermo Scientific) 
automatic preparation line. The carbonates were digested in H3PO4 at 70
o
C in a vacuum 
following the method of McCrea (1950)m. The measurements were carried out at the 
Geological Institute of the Slovak Academy of Sciences, Banská Bystrica. The results 
are expressed in δ-notation on the Vienna PDB standard. 35 samples were analyzed. 
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4. Results- Petrography 
4.1. Petrography of detrital components and rock fabric 
The textural features exhibit a well-defined trend from bottom to top in the studied 
succession. The Endrőd Formation is characterized by very fine to fine sandstone. 
Grains are poorly to moderately sorted and angular to sub-rounded. Either carbonate or 
clayey matrix is present among detrital grains. Maturity stage (sensu Folk 1951) varies 
between immature and submature. The Szolnok Formation comprises predominantly 
fine to medium sandstone, which locally alternates with thin layers of siltstone. Grains 
are moderately sorted and angular to sub-rounded. Its maturity stage is classified as 
submature. The Algyő Formation consists of fine to medium-grained sandstones which 
alternate with siltstone laminae. Grains are angular to sub-rounded and moderately to 
well-sorted. Maturity stage is classified as mature (Table 4.1). 
 
Table. 4.1. Texture of analysed sandstone. 
 
 
Detrital grains consist of quartz, feldspar, mica, sedimentary- and metamorphic 
rock fragments. Quartz is the most abundant detrital mineral in all three formations, 
both monocrystalline and polycrystalline ones occur (Fig. 4.1). K-feldspar was found in 
the upper part of Szolnok Formation and in the Algyő Formation (Fig. 4.1. E, F). Sub-
angular to sub-rounded grains exhibit pale blue to grey luminescent colour. Plagioclase 
feldspar is present in all studied formation. Luminescence varies between green to non-
luminescent. Mica is present as muscovite and biotite, being most abundant in the 
Endrőd Formation. Metamorphic rock fragments consist of chloritic and muscovitic 
Endrőd Formation Szolnok Formation Algyő Formation
Grain size very fine to fine sand
fine to medium 
sand fine to medium sand





rounded angular to sub-rounded
Maturity I. Immature II. Submature III.Mature
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shists, whereas magmatic rock fragments are composed of quartz and K-feldspar, or 
quartz and plagioclase grains. Sedimentary rock fragments are comprised of dolomite or 
limestone. Bioclasts are encountered only in a few layers of Szolnok Formation. 
Clusters of dolomite crystals, which uniformly consist of euhedral dolomite core and 




Fig. 4.1. Photomicrographs of sandstones showing the characteristic fabric types. A-B. 
Sandstone composed by quartz grains, clayey matrix (yellow arrow) and metamorphic 
rock fragments (orange arrow), M-7 well, 5427 m, Endrőd Formation. C-D. Fe-bearing 
calcite cement (stained blue; white arrows) occluded the majority of intergranular pores 
and matrix is subordinate, M-7 well, 4103 m, Szolnok Formation. E-F. Intragranular 
and intergranular porosity (blue resin) is among framework grains, which are quartz and 
rock fragments, K-1 well, 3020 m, Algyő Formation. A., C., E.- plane polarised light, 
B., D., F.- cross polarised light; each sample was stained with Dickson solution, 
additionally, samples from Algyő Formation were stained with sodium cobaltinitrite 
solution. 
Abbreviations: Cr- carbonate rock fragment (calcite), Dol- dolomite, Kfs- K-feldspar, 
Mus- muscovite, Pl- plagioclase, Qz- quartz, Rm- metamorphic rock fragment.  
 
Matrix is composed of clay minerals, such as chlorite, illite and mixed layer 
clays and other detrital grains, such as quartz, calcite, mica, feldspar and dolomite (Fig. 
4.2.). Grain size of matrix is varying between clay to silt. Matrix-rich sandstones 






Fig. 4.2. Elemental maps from matrix rich sandstone. The dominantly silt sized 
minerals in matrix are calcite, dolomite, quartz, muscovite and chlorite, M-7 well, 3410 
m, Szolnok Formation. 
 
In the Endrőd Formation, matrix is abundant. In the lower part of the formation, 
matrix is predominantly calcite (Fig. 4.3A), whereas in upper part of the formation, it is 
composed of siliciclastics. In the Szolnok and Algyő Formations, matrix is less 
common, but it occurs as pseudomatrix (Fig. 4.3C) or as intergranular matrix (Fig. 
4.3D) in certain intervals. In these formations, matrix is composed by calcite, dolomite, 




Fig. 4.3. SEM-BSE images showing the features of detrital matrix in sandstones. A. 
Calcite matrix in lower part of the Endrőd Formation (pink arrows), M-7 well, 5471 m. 
B. Mixed, calcite (pink arrows) and siliciclastic (yellow arrows) matrix in upper part of 
the Endrőd Formation. Siliciclastic grains are predominantly quartz, muscovite and 
chlorite, M-7 well, 4759 m. C. Pseudomatrix and siliciclastic matrix (yellow arrows) in 
the Szolnok Formation. D. Matrix-rich sandstone in the Algyő Formation. Matrix is 
composed of calcite, dolomite, quartz, muscovite and chlorite (yellow arrows). K-1 
well, 3039 m. 
Abbreviations: Cal- diagenetic calcite, Cr- carbonate rock fragment (calcite), Dol- 





4.2. Petrography of diagenetic components 
In the studied sandstones, point, linear and concavo-convex grain contacts were 
observed (Fig 4.4). In the lower part of the Endrőd Formation, where sandstones 
alternate with calcareous marls, point contacts and floating grains are predominant (Fig. 
4.4A). In the upper part of Endrőd Formation, linear and concavo-convex contacts are 
widespread, whereas detrital grains, especially mica are oriented parallel with bedding. 
In Szolnok Formation and Algyő Formation linear and concavo-convex contacts are 
abundant, clay rich lithoclasts (mud clasts) and mica are deformed (Fig. 4.4B). Between 
rigid grains like quartz, pressure dissolution surfaces occur. 
 
 
Fig. 4.4. Photomicrographs showing the types of grain contacts in sandstones. A. 
Tightly cemented sandstone is dominated by point contacts. Sandstone is cemented by 
iron bearing calcite, Endrőd Formation, M7 well, 5471m. B. Linear contacts (empty 
arrows) and concavo-convex contacts (full arrow) are dominant in Algyő Formation, B-
D1 well, 2744m. A, B- plane polarised light. 
 
The following diagenetic minerals were encountered in the studied succession: 
quartz, albite, ankerite, calcite and pyrite (Figs 4.5, 4.6, 4.7). Quartz syntaxial 
overgrowth cement is abundant in the Algyő Formation and scarce in the Szolnok 
Formation. (Fig. 4.7B). Microcrystalline quartz cement generally forms intergrowths 
with diagenetic clay minerals, such as chlorite, kaolinite and illite and it occurs in each 
formation. In the Endrőd Formation, quartz cement is scarce or absent. 
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Diagenetic albite occurs inside detrital K-feldspar and plagioclase grains in 
Szolnok and Algyő Formations (Figs 4.6 H, I,) indicating replacement process. In the 
Endrőd Formation, albite of fine sand size having euhedral shape is encountered which 
indicates an advanced replacement process and additional cementation (Fig. 4.5H). 
Diagenetic albite is non-luminescent. K-feldspar and plagioclase grains often contain 
intergranular pores or partially replaced by calcite or kaolinite. 
 
 
Fig. 4.5. SEM-BSE images and photomicrographs showing diagenetic components in 
the Endrőd Formation. A. Ankerite outer growth bands (orange arrows) around 
rhombohedral dolomite crystals occur as detrital grains. Additionally, authigenic 
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ankerite crystals, formed in Makó Trought (red arrows) occur as irregular alteration 
band around detrital dolomite grain, M-7 well, 5471 m. B. CL image of tightly 
cemented sandstone. Thin cement rim of bright orange luminescent calcite (Cal1E) 
cover the detrital grains. Intergranular porosity is occluded by calcite cement showing 
dull red luminescence (Cal2E), M-7 well, 5471 m. C. Tightly cemented sandstone, 
characterised by point contacts, in which the two calcite cement phases (Cal1E and 
Cal2E) were not distinguishable under optical microscope. Intergranular porosity is 
occluded by Fe-bearing calcite (Cal2E), stained blue, M-7 well, 5471 m. D. Relatively 
large replacive calcite crystal with small remnants of quartz and kaolinite, M-7 well, 
4759 m. E. Euhedral-subhedral calcite crystals with a few quartz grains and framboidal 
pyrite, M-6 well, 5049 m. F. A detail of fabric shown in E. Euhedral‒subhedral calcite 
crystals exhibit zonation, M-6 well, 5049 m. G. Tightly cemented sandstone. Non-
ferroan rhombohedral calcite (Cal1E; stained pink) is engulfed by Fe-bearing pore-
filling calcite (Cal2E, stained blue). Grains have linear to concavo-convex contacts, 
Mcs-1 well, 4060 m. H. SEM image of the field of view shown in G. Rhombohedral 
calcite (Cal1E) engulfed by pore-filling calcite (Cal2E), Mcs-1 well, 4060 m. 
Abbreviations: Ab- albite, Ank- ankerite, Cal- diagenetic calcite, Chl/ chlorite, Dol- 
dolomite, Mus- muscovite, Qz- quartz. A., D., E., F., H.- SEM-BSE images, B.- 






Fig. 4.6. SEM-BSE images and photomicrographs showing diagenetic 
components in the Szolnok Formation. A. Crystalline limestone rock fragment (stained 
pink) and pore-filling Fe-bearing calcite (Cal2Sz) in sandstone, M-7 well, 4103 m. B. 
Ankerite cement, nucleated on dolomite grain surface and occluded the intergranular 
pore space, is engulfed with calcite (Cal2Sz), M-7 well, 4103 m. C. Euhedral‒subhedral 
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(Cal1Sz), non-ferroan calcite within siltstone. D. Euhedral‒subhedral calcite (Cal1Sz) 
exhibits various zonation. E. Inside of the crystals (Cal1Sz) remnants of chlorite 
mineral can be detected (arrows), M-7 well, 4088 m. F‒G. Linear and concavo-convex 
grain contacts in sandstone where specific features are clay mineral (chlorite) coating, 
kaolinite occurrence at relatively large areas, and partially albitised K-feldspar, M-7 
well, 3410 m. H‒I. Detrital K-feldspar of pale blue luminescent colour is partially 
replaced by non-luminescent albite. Detrital albite of greenish blue fluorescent colour is 
present among kaolinite. Post-compactional calcite (Cal2Sz) of bright orange 
luminescent colour (empty arrow) is present as replacement among quartz grains and as 
cement in intergranular porosity (filled arrows), M-7 well, 3410 m. 
Abbreviations: Ab- albite, Ank- ankerite, Cal- diagenetic calcite, Chl- chlorite, Cr- 
calcite rock fragment, Dol- dolomite, Kln- kaolinite, Qz- quartz. A., C., F.- – plane 






Fig. 4.7. Photomicrographs and SEM-BSE images showing diagenetic components in 
the Algyő Formation. A. Intragranular secondary porosity (blue resin) is typical inside 
calcite (stained pink) and K-feldspar (stained yellow). Enlarged intergranular porosity is 
characteristic between framework grains (arrow). Kaolinite occurs near K-feldspar, K—
1 well, 3020 m. B. Quartz having straight crystal face indicates authigenic overgrowth 
cement precipitation. Post-compactional calcite (Cal3A), with variable Fe content 
engulfs quartz, K-1 well, 3036 m. C. Ankerite cement crystals, nucleated on surface of 
dolomite grains, show features which point to their diagenetic origin: straight crystal 
surface and growth direction towards other grain. Enlarged intergranular secondary 
porosity is observed among grains having linear contacts, K-1 well, 3020 m. D. Tightly 
cemented sandstone. Calcite cement (Cal3A) engulfs linear grain contacts that suggests 
its post-compactional origin, K-1 well, 3012 m. A and B: plane polarised light, C and D: 
SEM-BSE images. 
Abbreviations: Ank- ankerite, Cal- diagenetic calcite, Dol- dolomite, Kfs- K-feldspar, 




Framboidal pyrite is encountered in all the three formations. Pyrite is relatively 
common in the Endrőd Formation as framboidal crystals of several tens of microns 
within intragranular pores of bioclasts. Framboidal pyrite crystals are characteristically 
distributed parallel to bedding (Fig. 4.5E). Additionally, cubic crystals of several tens of 
microns in size are scattered in matrix rich sandstone.  
Ankerite cement occurs in various sides of detrital dolomite grains in all the 
three formation. Authigenic ankerite is commonly present as irregular alteration rim 
around dolomite grains (Fig. 4.5A). Uneven ankerite crystals, being present only on one 
side of dolomite grains, and covering the linear contacts of the grains are also authigenic 
and suggest post-compactional origin (Figs 4.6B, 4.7C). In the Szolnok Formation, 
additionally Fe-rich alteration rim can also be detected on many detrital dolomite grains. 
Authigenic ankerite cement and dolomite‒ankerite detrital grains have different 
appearance and textural features. Authigenic ankerite crystals are thicker and larger in 
size than detrital ones. Authigenic ankerite often engulfs linear grain contacts. Both 
dolomite grains and ankerite crystals can be partially dissolved and/or replaced by 
calcite. 
Calcite is the most widespread diagenetic mineral which occurs in all three 
studied formations. In the lower part of Endrőd Formation, where point contacts are 
dominant, a coarse crystalline pore-occluding, Fe-bearing calcite is present among 
detrital grains. It is stained blue. Two growth bands can be observed (Fig. 4.5.B, C). 
The first zone is observed only under CL microscope as a very thin rim around detrital 
grains. It exhibits bright orange luminescence colour (Cal1E). The second zone is pore-
occluding, which shows dull red luminescence colour (Cal2E). The second phase 
commonly partially replaces detrital grains and diagenetic minerals, such as dolomite 
and ankerite (Figs.4.5A, D).  
Sandy limestone layers are composed of sand-sized calcite of euhedral to 
anhedral shape (Fig. 4.5E, F). Crystal size varies between some microns to several tens 
of microns. The non-ferroan crystals stain mauve and show sector and/or normal 
zonation. 
In the upper part of Endrőd Formation, calcite (Cal1E) is present as non-ferroan 
rhombohedral crystals of several tens of microns which stain mauve. The crystals are 
engulfed by Fe-bearing, coarse crystalline calcite, staining blue (Cal2E; Figs 4.5.G, H). 
36 
 
In some cases, calcite crystals (Cal2E) occur in mottles of similar size as detrital grains 
(Fig. 4.5.H). Such mottles exhibit a very small variation in the grayscale on SEM image 
or in staining colours. In Szolnok Formation, calcite phases with similar petrographic 
characteristic were observed (Cal1Sz, Cal2Sz; Fig. 4.6A, B). Rhombohedral calcite 
crystals of several tens of microns (Cal1Sz) also appear in siltstones, which are 
composed of mica, chlorite and quartz. The calcite exhibits zonation under blue-light, 
and it is non-luminescent. These rhombohedral crystals often contain small remnant of 
detrital grains, such as chlorite (Fig. 4.6C, D, E).  
In the upper part of the Szolnok formation, linear and concavo-convex grain 
contacts are predominant (Fig. 4.6F, G, H, I). In pores reduced by compaction, a pore-
filling, Fe-bearing calcite of blue staining colour and dull red to bright orange 
luminescence is present (Cal2Sz; Fig. 4.6H, I). Replacive calcite including ghost of 
clasts are visible in many cases especially in SEM images (Fig. 4.6.B). 
In the Algyő Formation, calcite (Cal3A) engulfs linear to concavo-convex grain 
contacts. Calcite (Cal3A) also appear within the detrital grains like K-feldspar, 
dolomite, rock fragments (Fig. 4.7), indicating replacement process. These calcite 
crystals stain mauve to blue and they have bright orange to dull red luminescence. 
Diagenetic calcite (Cal2E, Cal2Sz, Cal3A) engulfs other diagenetic minerals such as 
albite, ankerite and syntaxial overgrowth quartz cement (Fig. 4.7B). 
For comparison calcite bioclasts (Fig. 4.8) were also analysed. These are stained 
mauve and they are non-luminescent and free of Fe and Mn. Iron-free crystalline 
limestone rock fragments, composed of several calcite crystals, stain mauve and exhibit 
various luminescence colours from dull red to bright orange (Fig. 4.8A, C). The 
dolomite rock fragments are characterised by fine and medium-sized crystals which 




Fig. 4.8. A. Carbonate rock fragments: calcite (Cr) and dolomite (Dol), in the Algyő 
Formation. Note relatively large secondary porosity (white arrows) within finely 
crystalline calcite grains and other part of the thin section. Porosity is indicated with 
blue resin, Kv-1 well, 3020 m. B. Bivalve shell in Szolnok Formation composed of non-
ferroan calcite. Bioclasts are very rare in analysed samples, Mcs-1 well, 3602 m. C. 
Carbonate rock fragments: calcite (Cr) and dolomite (Dol), in the Endrőd Formation, 
M-7 well, 5471 m. Abbreviations: Cr- carbonate rock fragment (calcite), Dol- dolomite. 
A., B.- plane polarised light, C- SEM-BSE. 
 
4.3. Petrography of clay minerals 
In the Endrőd Formation, clay minerals are present as detrital matrix or clayey rock 
fragments. These are composed of chlorite, illite and kaolinite. The clay minerals are 
often engulfed by calcite. 
In the Szolnok Formation, detrital matrix and diagenetic clay minerals are both 
widespread. Mixed layer illite/smectite is present as grain coating and pore-filling 
mineral (Fig. 4.9A, B, D), whereas discrete illite apperas as pore-bridging mineral (Fig. 
4.9C). Blocky and vermicular kaolinite occurs within partially dissolved feldspar grains 
in secondary porosity, or in intergranular porosity reduced by compaction (Fig. 4.9A, 
B). Dickite is also present, crystal size can achieve 1.3 µm thickness (Fig. 4.9B). 
Kaolinite and mixed layer clays commonly form intergrowths with quartz cement (Fig. 
4.9B, D). 
In the Algyő Formation, kaolinite frequently partially replaces feldspars and 
occurs as well as pore occluding mineral (Fig. 5.9E). Dickite is also widespread, crystal 
size achieving 3.1 µm (Fig. 4.9F). Mixed layer illite/smectite is scarce. In some layers 
of the Algyő Formation, chlorite is the predominant cement phase, occurring both as 




Fig. 4.9. SEM SE images showing the features of diagenetic clay minerals: A. 
Kaolinite replaces feldspar and occurs together with mixed layer illite/smectite (Szolnok 
Formation, M-7 well, 3421 m. B. Kaolinite and dickite with authigenic microcrystalline 
quartz (Szolnok Formation), M-7 well, 3421 m. C. Pore-bridging illite (Szolnok 
Formation), M-7 well, 3421 m. D. Mixed layer illite/smectite form intergrowths with 
diagenetic quartz (Szolnok Formation), M-7 well, 3412 m. E. Pore-filling and grain-
rimming chlorite, locally forming intergrowths with authigenic quartz (Algyő 
Formation), K-1 well, 3023 m. F. Thick layers of dickite with mixed-layer 
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illite/smectite (Algyő Formation), K-1 well, 3012 m. Abbreviations: Cal- calcite, Qz au- 
authigenic quartz.   
 
4.4. Petrography of the porosity types 
In the Endrőd Formation and in the lower part of Szolnok Formation, macroporosity 
(detectable with optical microscopy) was not observed. Microporosity was detected via 
SEM analysis associated to diagenetic clay minerals, such as illite, kaolinite and chlorite 
(Fig. 4.9A-D). In the upper part of Szolnok Formation and in the Algyő Formation, 
microporosity inside kaolinite crystals is widespread. In the Algyő Formation, 
macroporosity is also present (up to 12.3%). The most characteristic porosity type is 
enlarged intergranular secondary porosity, formed by partial dissolution of diagenetic 
minerals like calcite (Fig. 4.7A, B) and intragranular secondary porosity formed by 
partial dissolution of detrital feldspars and carbonate grains (Fig. 4.7A, B, C). Irregular 
shapes of diagenetic minerals like ankerite and albite suggests alteration and dissolution 
of these minerals (Fig. 4.7C). 
 
4.5. Petrography of organic matter 
Organic matter was detected in several layers in all the three studied formations. In the 
Endrőd and Szolnok Formations, organic matter most commonly fills intergranular or 
intragranular porosity (Fig. 4.10A). Organic matter also occurs as dark brown streaks of 
wavy shape between detrital grains (Figs. 4.10B, E). However, no detailed geochemical 
analysis was carried out, based on the observations of Juhász and Magyar (1992), these 
can be interpreted as organic plant debris or residual bitumen concentrated along 
bedding parallel pressure solution seams. 
In Algyő Formation, organic matter of dark brown colour exhibits bright green 
fluorescence and fills intercrystalline porosity (Figs. 4.10C, D). Moreover, it can also be 




Fig. 4.10. Characteristic features of organic matter. A. Dark brown organic matter is 
present along hairline fractures within calcite grain and among other framework grains 
in Endrőd Formation, M-7well, 5427 m. B. Dark brown streaks of wavy shaped organic 
matter between detrital grains (yellow arrows), Szolnok Formation, M-7 well, 3408 m. 
C‒D. Dark brown coloured organic matter among calcite crystals exhibiting bright 
green fluorescence (yellow arrows), Algyő Formation, K-1 well, 3012 m. E. Dark 
brown streaks of wavy shaped organic matter between detrital grains (yellow arrows), 
Algyő Formation, B-1 well, 2703 m. F. Dark brown organic matter is present in 
secondary porosity of feldspar (yellow arrows), Algyő Formation, B-1 well, 2703 m. G. 
Dark brown organic matter is present in secondary porosity of Cal3A calcite (yellow 
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arrows), Algyő Formation, B-1 well, 2703 m. Abbreviations: Cal- calcite, Om- organic 
matter. A, B, C, E, F, G- polarised light. D. Blue light microscope. 
 
4.6. Vertical and lateral variations in detrital and diagenetic composition 
Detrital composition of the sandstone is based on the classification of Folk (1968)f. The 
analysed sandstones are litharenites and feldspathic litharenites (Fig. 4.11, Table 4.2). 
Predominant detrital grains in the sandstones are monocrystalline and polycrystalline 
quartz, mica (muscovite and biotite), chlorite, dolomite, plagioclase and K-feldspar. 
This is in accordance with the observation of Mátyás and Matter (1997) and Juhász et 
al. (2002). However, these previous studies analysed these formations in shallower 









Table 4.2. Composition of sandstones in selected samples derived by point counting 
based on 300 counts per thin section. 
 
The proportion of detrital grains varies in the studied formations and the 
following pattern is recognised (Fig. 4.12). The amount of detrital quartz gradually 
increases upwards from Endrőd Formation to Algyő Formation, whereas the amount of 
mica and chlorite decreases. The quartz content is higher in Algyő Formation (47‒60%) 
and lower in Szolnok (15‒54%) and Endrőd Formations (8‒41%). In the Szolnok and 
Endrőd Formations, the content of sedimentary matrix can be significant (Table 4.2). K-
feldspar content is higher in Algyő Formation (3‒9 and gradually decreases with burial 
depth (0‒9% in Szolnok Formation; 0‒0.4% in Endrőd Formation). Dolomite lithoclast 
content is highly variable (4‒11% in Algyő Formation, 2‒17% in Szolnok Formation 
and 3‒14% in Endrőd Formation). This is in accordance with the observations of Juhász 





Fig. 4.12. Proportion of various detrital and diagenetic components in studied 
formations. 
 
Chlorite and mica (muscovite, biotite) content is generally low in Algyő 
Formation (0‒2.8%; 6‒12%), and higher in Szolnok (0‒24%; 2‒34%) and Endrőd 
Formation (3‒24%; 6‒24%). Juhász et al (2002) reported the greater amount of detrital 
dolomite grains in Szolnok Formation than in Békés Formation (coarse grained time 
equivalent of Endrőd Formation). In the Makó Trough, the amount of detrital dolomite 
is slightly higher in Szolnok Formation than in Endrőd Formation. 
Depth variations in detrital and diagenetic composition in M-6, M-7 and K-1 are 
presented in Fig. 4.13. The proportion of diagenetic albite (from 0.4 to 15.2%), ankerite 
(from 1.0 to 4.5%) and calcite (from 1.8 to 30.0%) is increasing with depth. The 
proportion of detrital feldspar is decreasing (from 14.2 to 0.4%). The amount of detrital 




Fig. 4.13. Proportion of various detrital and diagenetic minerals versus depth.  




5. Results- Diagenetic facies  
Diagenetic facies is defined as a rock-typing method illustrating the comprehensive 
result of sedimentary and diagenetic features (Cui et al., 2017; Lai et al., 2018). Rock 
typing methods were originally based on petrophysical characteristics of rock and as a 
result petrofacies were distinguished (Porras et al., 1999). Rock typing in tight gas 
sandstone was used by (Rushing et al., 2008). 
 
Based on petrographic analysis the following diagenetic facies were identified (Fig. 
5.1., Table. 5.1.): 
 Matrix rich and carbonate cemented diagenetic facies: these sandstones are 
originally rich in matrix, composed of detrital minerals of silt to clay size. In this facies 
porosity was reduced by compaction and carbonate cementation. Porosity and 
permeability values are low. 
 Carbonate cemented diagenetic facies: in this facies primary pores were dominantly 
destroyed by compaction and carbonate cementation. Porosity and permeability values 
are low. 
 Matrix rich diagenetic facies: these sandstones are originally rich in matrix. 
Compaction and clay mineral transformation and cementation were the main causes of 
porosity reduction. Permeability values are low; porosity can go up to 10%. 
 Secondary porosity diagenetic facies: in these sandstones, the main porosity occluding 
event was compaction, which was followed by dissolution. As a result, porosity and 
permeability values are very high compared to other samples. In the sample in which 
permeability is up to 8 mD, chlorite cement was found. In some cases, the remnants of 
carbonate cements can be found in these rocks, suggesting that before dissolution, 





Fig. 5.1. Crossplot of porosity versus permeability for various diagenetic facies. From 
second plot, the only chlorite cemented sample (red circle) was removed, in order to 
allow to see other samples in more detail. Petrophysical data (porosity and permeability) 
is based by TXM internal reports.  
 
Table. 5.1. Summary of petrographic features combined with petrophysical 






fabric Dominant diagenetic processes


























POROSITY 11.8- 15.2 0.36- 8.4 compaction, dissolution
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Lateral and vertical variations in diagenetic facies was observed in the Makó Trough. 
Secondary porosity diagenetic facies can be found in Algyő Formation and in upper part 
of Szolnok Formation, in the central part of the basin. At the margin of the basin matrix 
rich + carbonate cemented sandstones are widespread, while in central part matrix rich 
and carbonate cemented sandstones are alternating (Fig. 5.2.). The amount of diagenetic 
calcite in Szolnok Formation increases from the margin to the centre of the basin. The 
same tendency is observable in Endrőd Formation in SE part of the basin. 
 
 
Fig. 5.2. Lateral variations in diagenetic facies in various wells. In Szolnok and Endrőd 
Formations, the amount of diagenetic calcite is higher at the margin of the basin, and it 
is lower in the centre.  
 
Highest porosity and permeability values can be found in Algyő Formation and in upper 
part of Szolnok Formation. For the other parts of the basin very low values are 









6. XRD analysis  
6.1. Bulk samples 
In sandstones from Szolnok and Algyő Formations, the proportion of quartz is varying 
between 38.2‒ 47.4%, K-feldspar is 1.7‒ 2.6% and plagioclase is 2.5‒ 5.3% (Fig. 6.1., 
Fig. 6.2.). Calcite content ranges between 4.2‒ 17.9%, while dolomite content ranges 
between 5.3‒ 12.7%. Total clay mineral content ranges between 26.9‒ 40.6%. The term 
mica is used for well crystallized detrital 10 Å minerals (dominantly muscovite), 
occurring in the bulk samples and illite for the authigenic 10 Å minerals found in the 
clay fraction (less than 2 µm). The clay content of bulk samples is dominantly 
composed by mica, subordinately chlorite and kaolinite. 
 
  
Fig. 6.1. XRD pattern of sandstone sample from 3023.6 m, Algyő Formation. Mu- 






Fig. 6.2. Bulk mineralogy of sandstones from XRD versus depth. 
 
6.2. < 2 µm Fraction  
 
Fig. 6.3. shows characteristic XRD patterns for the less than 2 µm fraction. Samples 
were saturated with Mg, K, Mg+glycerol, K+ ethylene glycol, and heated to 550 
o
C. 
The dominant clay mineral phase is illite, ranging from 11.9‒ 64.5% (Fig. 6.4.). 
Chlorite ranges from 11.2‒ 57.7%, while the proportion of mixed layer clays is varying 
from 7.6 to 53.6 %. The amount of kaolinite is varying between 2.3‒ 14.7%. It is 
difficult to establish a depth related trend in the amount of clay minerals, because high 









Fig. 6.4. Proportion of clay minerals in <2 µm fraction from XRD. C in the depth value 
stands for clay rich sandstone. 
 
The clay fractions were additionally saturated with DMSO (dimethyl sulphoxide) in 
order to identify kaolinite in the presence of chlorite (Garcia and Camazano, 1968). 
52 
 
Chlorite does not swell with DMSO, so peaks remain unchanged after treatment. In case 
of kaolinite, the 7.15 Å peak moves to 11.2 Å position. This method confirmed, that 
kaolinite is present in small to high quantity in Algyő Formation (Fig. 6.5.). In the upper 
part of Szolnok Formation kaolinite can be present in low quantity, whereas in lower 
Szolnok and Endrőd Formation kaolinite was not detectable in samples with this 
method (Fig. 6.6.).  
 
Fig. 6.5. K-ethylene glycol and K-DMSO saturated samples of Algyő Formation 
(sample, KV-1-13, 3020 m). Peak 11.2 Å in K-DMSO sample indicates the presence of 





Fig. 6.6. K-ethylene glycol and K-DMSO saturated samples of Szolnok Formation 
(sample, M7-46, 4087 m). Absence of peak 11.2 Å in K-DMSO sample indicates the 
absence of kaolinite in sample.  
 
6.3. < 0.2 µm Fraction  
Fig. 6.7. shows XRD patterns of < 0.2 µm fraction samples from different depths (3049 
m and 3426 m). In < 0.2 µm fractions the dominant phases are mixed layer 
illite/smectite (I/S), kaolinite, chlorite and illite. In sample from 3049 m, the reflection 
at 27 Å indicates R1 ordering of the I/S mixed layer mineral. In the deeper sample 
(3426 m) R3 ordering is characteristic. The percentage of illite in the mixed layer 
illite/smectite was determined by the 
o
2θ difference value of the peak positions 001/002 
and 002/003 (Moore and Reynolds, 1997). In the analyzed depth interval (2700- 4000 
m) the relative proportions of illite layers in the I/S mixed phases increase with depth 
from 75% to 90% (Fig. 6.8.).  
 
In the fine clay fraction, still chlorite, kaolinite and illite are the dominating clay 





Fig. 6.7. XRD patterns of oriented, EG-saturated < 0.2 µm fraction samples. I/S= mixed 









6.4. Kaolinite polytypes 
Kaolinite and dickite are two polytypes of kaolinite sub-group clay minerals, having the 
formula of Al2Si2O5 (OH)4 (Bailey, 1963; Ehrenberg et al., 1993). Kaolinite has one 1:1 
layer per unit cell (tetrahedral- octahedral sheet pair), while dickite has two.  
Generally, kaolinite increases the stacking order and transforms to dickite during burial 
in sedimentary basins (Glasmann et al., 1989; Giles et al., 1992) 
The transformation of kaolinite to dickite occurs between temperatures of 100 to 120 
o
C 
(Ehrenberg et al., 1993; McAulay et al., 1994) 
Aparicio and Galan (1999) reviewed the most important indices, which are used to 
distinguish dickite from kaolinite and to determine the degree of crystallinity. The 
above mentioned authors suggest, that these indices can only be used, when more than 
20% kaolinite is present in clay fraction. Given the fact, that in Makó Trough these 
values vary between 2.3- 14.7 % can make the estimations less precise. Consequently, 
the samples with the highest amount of kaolinite in the clay fraction were selected for 
this analysis.  
 
Methods for distinguishing kaolinite polytypes 
In the following, we present some of the most used kaolinite crystallinity indices: 
 Hinckley index (HI, Hinckley 1963) is the ratio of the height above background of the 
1-10 and 11-1 peaks above the band of overlapping peaks occurring between 20-23 
o 
2 
theta compared to the total height of the 1-10 above background. Values ranges between 
0.5 (disordered) and 1.5 (ordered). HI can be modified if quartz, feldspar, iron oxide, 
illite, smectite and halloysite are present in the sample (Aparicio and Galan, 1999). 
 IK (Stoch, 1974) is measured in the same zone as HI and it is the ratio of 020 and 1-10 
peak heights above background. Normal values range from >1.0 to <0.7 (ordered). IK 
can be used, in case quartz, feldspar, hydroxide and silica gel are present in the sample 
(Aparicio and Galan, 1999). 
 Parnell et al. (2010) used a semiquantitative expression of the degree of kaolinite-to-
dickite transformation by dividing relative peak heights of the 110 dickite reflection by 
the combined 020 kaolinite and the 020 dickite reflections. Values < 0.8 are 
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characteristic for kaolinite, 0.8 to 1.2 for mixed kaolinite and dickite and >1.2 for 
dickite. 
 Reflections characteristic for kaolinite are 20-2 and 1-31 at 38.44o 2 theta, and for 
dickite 132 and 20-4 at 38.71
o
 2 theta (Bailey, 1963). 
 
In the analyzed samples, in the X-ray diffraction patterns of <2 micron phases (Fig. 
6.9.) is visible, that characteristic peaks for dickite are rarely present. Crystallinity index 
values characteristic for dickite and mixed layer kaolinite-dickite were only detected in 
some layers of Algyő Formation. Maximum thicknesses of kaolinite crystals are also 
higher in Algyő Formation than in Szolnok Formation (Table. 6.1.). 
 
Fig. 6.9. X-ray patterns for <2 micron samples from different depths. Characteristic 





Table 6.1. Results from different methods for distinguishing kaolinite and dickite and 
maximum thickness of kaolinite flakes. Characteristic values for dickite or mixed 





7.1. Geochemical composition of carbonate minerals 
Detrital and diagenetic carbonates were analysed separately (Table 7.1). Calcite is 
present as detrital rock fragment, bioclasts as well as authigenic mineral. Dolomite and 
ankerite occur as detrital grains whereas ankerite was also recognised as diagenetic 
mineral.  
 
Table. 7.1. Measured elemental Composition of diagenetic carbonate minerals.  









ankerite Algyő minimum 56,00 1,00 19,61 12,77 0,00 
ankerite Algyő maximum 57,75 3,53 28,51 19,08 0,09 
ankerite Algyő average 56,73 1,74 22,55 16,78 0,04 
ankerite Szolnok minimum 56,78 0,69 16,29 13,01 0,00 
ankerite Szolnok maximum 62,33 4,24 24,49 19,80 0,10 
ankerite Szolnok average 59,36 1,29 22,86 15,00 0,05 
ankerite Endrőd minimum 51,59 0,30 19,61 13,29 0,01 
ankerite Endrőd maximum 55,11 2,22 26,32 22,73 0,14 
ankerite Endrőd average 53,63 1,08 23,38 18,45 0,07 
calcite Algyő minimum 92,03 0,01 0,08 0,02 0,00 
calcite Algyő maximum 101,58 1,56 2,90 2,17 1,02 
calcite Algyő average 96,65 0,50 0,76 0,98 0,21 
calcite Szolnok minimum 92,44 0,00 0,00 0,01 0,00 
calcite Szolnok maximum 102,83 1,62 3,07 2,66 0,73 
calcite Szolnok average 96,42 0,40 0,81 1,06 0,21 
calcite Endrőd minimum 90,11 0,00 0,17 0,10 0,04 
calcite Endrőd maximum 100,98 1,73 6,17 3,33 0,68 
calcite Endrőd average 93,53 0,37 1,93 1,28 0,22 
 
Ankerite in Szolnok Formation has the lowest MgCO3 contents (16.3‒24.5 mol%) 
whereas the MgCO3 content is higher in the Endrőd Formation (19.6‒26.3 mol%) and in 
the Algyő Formation (19.6‒28.5 mol%). The FeCO3 and MnCO3 content shows some 






Fig. 7.1. Major elemental composition of authigenic ankerite and detrital dolomite.  
 
The majority of analysed calcites are low-Mg calcite (LMC; Table. 7.1, Fig. 7.2., 
Fig. 7.3.). In the lower part of Endrőd Formation, additionally high-Mg calcite (HMC) 
was also observed (Cal1E and Cal2E). The maximum amount of MgCO3 is 2.9 mol% 
and 3.1 mol% in the Algyő and Szolnok Formations, respectively, whereas in the 
Endrőd Formation, it can reach 6.2 mol%. The MnCO3 content is below 2 mol% in 
every sample, whereas FeCO3 content can reach 3.3 mol% in the Endrőd Formation. In 
general, the MgCO3 content is higher in pre-compactional calcites (Cal1E, Cal1Sz) 
whereas FeCO3 and MnCO3 content is higher in post-compactional calcite (Cal2E, 




Fig. 7.2. Composition of diagenetic calcite showing the variation of the studied 





Fig. 7.3. Composition of detrital and diagenetic calcite in various formations. HMC is 
only present in the lower part of the Endrőd Formation as diagenetic phases Cal1E and 
Cal2E.   
 
Elemental composition shows high variability both in FeCO3 + MnCO3 and in 
MgCO3 content. Calcite rock fragments and bioclasts were measured separately (Fig. 
7.4.). Generally, calcite rock fragments and bioclasts are lower in FeCO3 + MnCO3, and 






Fig. 7.4. Composition of detrital and diagenetic calcite in various formations. The same 
values are plotted such as in Fig. 7.3., but grouped according to calcite types.  
 
SrCO3 content is generally below 1% (Figs. 7.5, 7.6). Calcite, with the highest 
SrCO3 content, was found in the Endrőd and Szolnok Formations. Calcite rock 




Fig. 7.5. Composition of diagenetic calcite cements in various formations based on 




Fig. 7.6. Elemental composition of diagenetic calcite. SrCO3 content is generally low, 
but the highest values can be found in a number of calcite rock fragments and in 
replacive calcite crystals.  
 
In MnCO3 versus FeCO3 content of calcite, a linear correlation was observed in the 
Endrőd and Szolnok Formations (Fig. 7.7., 7.8). A co-variant trend between the FeCO3 
and MgCO3 content of the replacive calcite was observed (Fig. 7.7., 7.8.) where the 







Fig. 7.7. Composition of diagenetic calcite cements in various formations based on 
MnCO3 and FeCO3 content. 
 
 
Fig. 7.8. MnCO3 versus FeCO3 plot of various calcites. 
 
Textural distribution of trace elements within the various calcite phases was analysed 
using elemental maps of some selected sandstone samples. In the studied samples from 
Algyő Formation, the distribution of Mg, Mn and Fe is homogenous in replacive calcite 
and calcite cement (Fig.7.9.). In the lower part of Szolnok Formation and the upper part 
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of Endrőd Formation, relicts or ghosts of detrital grains have specific features in 
elemental maps which are as follows. Shape and size of these mottles are similar to 
detrital grains, and have a different trace element content within the calcite (Fig. 7.10.). 
The FeCO3 and MnCO3 contents in those areas are commonly lower, whereas MgCO3 
content is commonly higher than in the surrounding calcite. SrCO3 content is highly 
variable in those areas. In post-compactional calcite (Cal2Sz, lower part of Szolnok 
Formation), the distribution pattern of several elements (Mn, Sr, Fe) strongly varies 
within the same crystal (Fig. 7.11.). Ankerite crystals are either homogenous (Fig. 7.11.) 
or exhibit zonation with variable Fe, Mn and Mg content. Small crystal size did not 














Fig. 7.9. Wave length dispersive elemental map of calcite cemented sandstone from 
Algyő Formation (KV1-c2-5). Distribution of trace elements (Mn, Mg, Fe) is 
homogenous in diagenetic calcite, which replaced the K-feldspar and occluded the 
intergranular pore space. Abbreviations: Ab-albite, Cal3A- calcite, Chl- chlorite, Dol- 

















Fig. 7.10. Wave length dispersive elemental map of tightly, calcite cemented sandstone 
from Szolnok Formation (Mcs1-c1-82). The Fe and Mn content of diagenetic calcite are 
lower in ghost mottles (white arrows), which possess similar shape and size to detrital 
grains. The Sr content is locally higher in relicts (white arrows) than in surrounding 
calcite. Around detrital dolomite grains irregular alteration rims of Fe-dolomite/ 
ankerite are present (yellow arrow).  Abbreviations: Ab- albite, Cal- recrystallized 
calcite rock fragment, Cal1Sz –diagenetic calcite, Dol- dolomite, Qz- quartz. 
 
 
Fig. 7.11. Wave length dispersive elemental map of calcite cemented sandstone from 
Szolnok Formation. The Fe and Mn content of diagenetic calcite (replacive and cement) 
show a high variability.  Lower values of Mn and Fe content suggest recrystallization of 
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detrital calcite grain. (M6 C1 4). Abbreviations: Ab- albite, Cal- recrystallized calcite 
rock fragment, Cal1Sz- diagenetic calcite, Dol- dolomite, Qz- quartz. 
 
7.2. Geochemical composition of feldspar 
 
In the studied sandstones K-feldspar, albite and other types of plagioclase are present 
(Fig. 7.12.). K-feldspar of detrital origin occurs in the Algyő Formation (average 
composition: Ab 1.5 An 0.5 Or 98.1) and in the Szolnok Formation (average 
composition: Ab 1.6 An 0.9 Or 97.5). Detrital plagioclase feldspar of anorthoclase 
(average composition Ab 86.7 An 6.1 Or 7.2), Oligoclase (average composition Ab 82.6 
An 16.2 Or 1.2) and Andesine (average composition: An 65 Ab 33 Or 2) are present in 
varying quantity in each formation. Plagioclase feldspar exhibits green to grey 
luminescent colour. Average composition of albite is Ab 94.9 An 3.2 Or 1.9 in the 
Algyő Formation, An 95.9 An 2.8 Or 1.3 in the Szolnok Formation and Ab 96.5 An 2.8 
Or 0.7 in the Endrőd Formation. Na content of albite is gradually increasing with depth, 
maximum values reaching 97.1 mol%. In the albite, BaO content varies between 0‒ 
0.053%, whereas SrO content varies between 0- 0.18%. In the K-feldspar, BaO content 






Fig. 7.12. Composition of detrital and diagenetic feldspar. 
 
7.3. Stable isotope composition of calcite  
In the Endrőd Formation, bulk values of calcite crystals (Cal1E and Cal2E) in M7 and 
Mcs1 wells varies between a relatively narrow range, such as between 0.5 and 1.6 ‰ in 
δ
13
CV-PDB and between ‒8.6 and ‒7.3 ‰ in δ
18
OV-PDB, respectively. In the post-
compactional calcite (Cal2E), the δ
13
CV-PDB values relatively widely range from ‒1 to 
2.65 ‰, whereas the  
δ
18
OV-PDB values are restricted around ‒9.6 ‰. These ratios were measured in samples 
from M6 and M7 well. Calcite bioclasts have δ
13
CV-PDB values from ‒0.8 to ‒1.6 ‰, and 
δ
18






Fig. 7.13. Stable oxygen and carbon isotope data of diagenetic calcite and bioclasts 
from Endrőd Formation. 
 
In the Szolnok Formation, pre-compactional rhombohedral calcite was measured in 
two wells (M7 and Mcs1). These samples yielded very similar oxygen and carbon 
isotope ratios. In the crystals (Cal1Sz), the δ
13
CV-PDB values range from 1.0 to 1.4‰, 
whereas, δ
18
OV-PDB values range from ‒6.0 to ‒6.8 ‰. In the post- compactional calcite 
(Cal2Sz), δ
13
CV-PDB values range from ‒0.4 to 1.0 ‰, whereas δ
18
OV-PDB values range 
from ‒10.3 to ‒7.0 ‰ from M7 and M6 wells. In these values a co-variant trend in 
oxygen and carbon values was observed. With decreasing oxygen values, carbon values 
are also decreasing. Bulk measurements of Cal1Sz and Cal2Sz, gave δ
13
CV-PDB values in 
the range of 0.6 to 1.1 ‰, and δ
18
OV-PDB values in the range of ‒11.4.1 to ‒6.3 ‰ in well 
Mcs1, (Fig. 7.14.). These ranges overlap with values measured from separately sampled 
Cal1Sz and Cal2Sz values. In some of the samples, post-compactional calcite (Cal2Sz) 
and non-altered calcite lithoclasts and bioclasts were measured as bulk from M7 well. In 
those samples, the δ
13
CV-PDB values range from 0.2 to 1.7 ‰, whereas the δ
18
OV-PDB 







Fig. 7.14. Stable oxygen and carbon isotope composition of diagenetic calcite from 
Szolnok Formation. 
 
In the Algyő Formation, separate measurement of calcite rock fragments and bioclasts 
in uncemented sandstones was possible. In tightly cemented sandstones, where the 
proportion of calcite rock fragments and bioclasts are low, a good approximation of the 
value of Cal3A calcite phase was possible (Fig. 7.15.). In tightly cemented sandstones, 
poor in unaltered calcite rock fragments and bioclasts, δ
13
CV-PDB values range from ‒0.6 
to 0.3 ‰, whereas δ
18
OV-PDB values range from ‒14.0 to ‒6.8 ‰. In uncemented 
sandstones, rich in unaltered calcite rock fragments and bioclasts, δ
13
CV-PDB values 
range from 0.1 to 1.4 ‰, whereas δ
18
OV-PDB values range from ‒8.6 to ‒4.4 ‰. In 
partially cemented sandstones, rich in unaltered calcite rock fragments and bioclasts, 
δ
13
CV-PDB values range from ‒0.3 to 1.9 ‰, whereas δ
18
OV-PDB values range from ‒10.0 
to ‒7.4 ‰ (Fig. 7.15.). 
Comparing the data from from wells K1 and B1it is possible to observe, that in 




OV-PDB are both in the negative end of the range 





Fig. 7.15. Stable oxygen and carbon isotope composition of selected data from Algyő 
Formation. These data are coming from core samples, from which thin sections were 
also available, so the identification of various calcite phases was possible. Symbols of 
purple colour are isotopic values from tightly cemented sandstones, poor in unaltered 
calcite rock fragments and bioclasts. Symbols of green colour are isotopic values of 
uncemented sandstones rich in unaltered calcite rock fragments and bioclasts. Symbols 
of pink colour are isotopic values of partially cemented sandstones, rich in unaltered 












8. Discussion- Paragenetic sequence  
 
Based on petrographic observations and geochemical data a paragenetic sequence was 
established (Fig. 8.1). The relative order of diagenetic components and processes was 
interpreted in terms of their relations to mechanical compaction. The compaction was 
evaluated by contact types between rigid framework grains, such as quartz and 
deformable grains, such as mica; thus, point, linear and concavo-convex contacts were 
taken into consideration. Many studies have shown that syntaxial quartz cementation is 
primarily temperature dependent and plays a crucial role during burial of 
sandstone‒shale deposits (Milliken, 2005). The minimum formation temperature for 
quartz overgrowth is 80
o
C (McKinley et al., 2002). The diagenetic components post-
dating quartz cement in the studied succession are interpreted as being formed relatively 
late in the paragenetic sequence. Almost all diagenetic components were observed in the 
three studied formations; however, there are some components that are specific to only 
one formation. In the studied succession, mineral associations are distinguished 
according to the diagenetic realms, which were adapted from the model by Morad et al. 
(2000). In the mineral associations, the calcite phases were interpreted based not only 
on petrography but also on geochemical data (discussed in details in chapter 9.2. 





Fig. 8.1. Paragenetic sequence based on petrographic relationships in the Endrőd, 
Szolnok and Algyő Formations. Diagenetic components specific for certain formations 
were marked with red colour. Calcite phases, using the abbreviated codes, are 
highlighted with grey colour. Sm/I: mixed-layer illite/smectite; I: illite. The realm of 
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mesogenesis is divided to the early pahse of Mesogenesis I. and the late phase of 
Mesogenesis II.  
 
9. Discussion- Origin of diagenetic minerals 
9.1. Mineral associations 
9.1.1. Mineral association 1 (Eogenesis): calcite (Cal1E, Cal1Sz), clay minerals and 
pyrite  
In all three formatio, clay coats on many grains suggest that at the time of their 
formation, the pore space was comparable to the primary pore space of the sediment (cf 
Gier et al., 2008). Accordingly, this process predated the compaction. Formation of 
framboidal pyrite has been described  as a microbially mediated process which takes 
place at temperatures lower than 60‒80
o
C (Berner et al., 1985; Wilkin and Barnes, 
1997; Machel et al., 2000). Since continuous burial without uplift was documented from 
the Makó Trough (Balázs et al., 2017) framboidal pyrite formed during early diagenesis. 
In the lower part of Endrőd Formation, point contacts are characteristic and the grains 
are covered by thin, bright orange luminescent calcite cement (Cal1E). These fabric 
features indicate early diagenetic formation of calcite. Rhombohedral calcite crystals 
(Cal1E, Cal1Sz) in the Endrőd and Szolnok Formations, surrounded by curved mica 
plates, also indicate pre-compactional precipitation.  
 
9.1.2. Mineral association 2 (Mesogenesis I.): calcite (Cal2E, Cal2Sz), albite, 
ankerite and quartz  
Post-dating early diagenetic minerals, a very similar mineral assemblage was formed in 
all the three formations, comprised of calcite, ankerite, albite, quartz, chlorite and illite. 
Calcite phases in Endrőd and Szolnok Formations (Cal2E, Cal2Sz) engulf linear grain 
contacts and occluded the remnants of the intergranular pore space indicating the post-
compactional origin. Albite, ankerite and quartz cement are only located on those sides 
of detrital grains which are not in contact with other grains. Additionally, these minerals 
engulf linear grain-contacts implying post-compactional origin. In case of albite and 
ankerite, fabric relations were observed relative to calcite phases. Post-compactional 
calcite (Cal2E, Cal2Sz) engulf authigenic ankerite and albite. In the Szolnok Formation, 
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a thin alteration rim consisting of Fe-dolomite co-occurs along with ankerite, suggesting 
their syngenetic formation. In all the three formations, intergrowth between 
microcrystalline quartz, illite and chlorite indicates simultaneous formation.  
 
9.1.3. Mineral association 3 (Mesogenesis II.): calcite (Cal3A), secondary porosity, 
kaolinite/dickite, and cubic pyrite  
In the Algyő Formation, post-compactional calcite (Cal3A) engulfs linear grain contacts 
and post-dates quartz overgrowth cement, suggesting late timing in the paragenetic 
sequence. Kaolinite occurs within feldspar grains and in pore space which had already 
been reduced by compaction. The latter suggests a relatively late formation. Skeletal 
feldspar grains and corroded calcite cement (Cal3A), typified by open intragranular 
porosity, points to dissolution process late in the paragenetic sequence. Residual organic 
matter in secondary pores of sandstones is indicative of hydrocarbon migration having 
taken place. Additionally, the presence of dickite, a high temperature polymorph of 
kaolinite (Stoch, 1974; Pernell et al, 2000) indicates a clay mineral transformation from 
kaolinite to dickite in the Algyő Formation.. In the Szolnok Formation, minor amount of 
kaolinite, post-dating quartz, also suggest late diagenetic origin. In the Endrőd 
Formation, pyrite of cubic morphology formed in the zone of thermal sulphate reduction 
(Vető et al, 2009; Nádasi, 2011). 
 
9.2. Interpretation of calcite phases 
 
In the studied formations, various calcite phases were documented. Interpretation of the 
origin is based on measured stable isotope and elemental geochemistry. Precipitation 
temperature of the calcite was calculated from the measured oxygen isotope values of 
the calcite, using the calculated oxygen isotope ratio of the water of the Lake Pannon 
(Geary et al., 1989; Mátyás, 1994) and the oxygen isotope fractionation factor of 
calcite-water (Friedman and O‘Neil, 1977) (Fig. 9.2). Oxygen isotope ratio of the water 
of the Lake Pannon is based on the values of unaltered gastropods and benthic molluscs 
of aragonite material (Geary et al, 1989, Mátyás, 1994). In a number of samples, 
separate sampling of certain diagenetic calcite phases was possible. In case of the small 
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crystal size of the diagenetic components, separate sampling with micromill was not 
possible; thus, bulk rock values were measured. 
 
 
Fig. 9.2. Calculation of precipitation temperatures for calcite phases recognised in the 
studied formations. The equilibrium relationship between δ
18
OV-PDB of calcite, 
temperature and δ
18
OV-PDB of water from Tucker and Wright (1990) and references 
therein). Coloured arrows represent calculated temperatures for calcite phases.  
 
The measurements of a few separately sampled bioclasts in the Endrőd 
Formation yielded a slightly more negative values than the range as measurements by 
Geary et al (1989) and Mátyás (1994) on molluscs and foraminifera of Pannonian age 
(Fig. 9.3). One sample exhibits much more negative oxygen value, which implies 
diagenetic alteration (Fig. 7.13). According to the studies of Geary et al (1989) and 
Mátyás (1994), isotopic composition of bioclasts was in equilibrium with the brackish 
water of the Lake Pannon. For the estimation of the oxygen isotopic ratio of the initial 
pore-water that the sediments were buried, a value of ‒2‰ δ
18
OV-PDB was used, based 





Fig.9.3. Comparison of stable isotopic data from this study with other sandstones from 
wells from Makó Trough (Mátyás, 1994) and other areas of the Pannonian Basin 
(Mátyás, 1994, Mátyás, 1996, Juhász, 2002). Data obtained from bioclasts and pore-
water data is also presented (Geary, 1989, Mátyás, 1994, Matyas, 1996).  
 
9.2.1. Interpretation of calcite phases in Endrőd Formation 
In the Endrőd Formation, calcite (Cal2E), measured separately from cores M6 exhibit a 
narrow range of δ
18
O values. From these values, a temperature of ca. 65 
o
C was 
calculated (Fig. 9.2A). In the samples from lower part of Endrőd Formation, pre-
compactional grain rimming calcite phase (Cal1E) and post compactional calcite phase 
(Cal2E) was measured together as bulk rock in M7 well. Since Cal1E is present in very 
low quantity in these samples, the bulk values are representative for Cal2E phase. From 
the values, a formation temperature of ca. 65
o
C for Cal2E phase was calculated.  
In upper part of the Endrőd Formation (M7 well), rhombohedral calcite (Cal1E) 
is present in high quantity and it co-occurs with pore-filling calcite (Cal2E). Oxygen 
isotope values from such bulk samples suggest that Cal1E was formed in a temperature 
ca. 45
o
C, while Cal2E was formed in a minimum temperature of 55
o
C (Fig 9.2A). 
Additionally, rhombohedral calcite (Cal1E) and post compactional calcite (Cal2E) was 





as the ones from M7well, indicating that Cal1E and Cal2E phases were formed in 
similar temperature. Considering the separately measured Cal2E values, it is assumable 
that values of Cal1E within the bulk range are enriched in heavier isotopes, suggesting 
lower formation temperature than the calculated for the lower range of the bulk values. 
This is in accordance with the pre-compactional petrographic features of Cal1E. 
 
9.2.2. Interpretation of calcite phases in Szolnok Formation 
Pre-compactional rhombohedral calcite (Cal1Sz), being present in Szolnok and Endrőd 
Formations, was separately measured in cores of Mcs1 and M7 wells from the Szolnok 
Formation  only (Fig. 7.14). Based on the measured oxygen isotope values, this phase 
was formed at a temperature of ca. 38‒45
o
C (Fig. 9.2B). This calculation supports the 
petrographic features, indicating early diagenetic, pre-compactional origin. 
The texture of the rhombohedral calcite in Endrőd and Szolnok Formations, the 
sector and complex zonation as well as surrounding compacted micaceous grains, refer 
to displacive growth of the crystals driven by the force of crystallization (cf Folk, 1965; 
Watts, 1974; Braithwaite, 1989).  Displacive cement precipitation process was 
described from experimental work (Schuiling and Wensink, 1962) and from natural 
occurrences (Assereto and Kendall, 1977). According to Watts (1974) and Braithwaite 
(1988), displacive crystallization is characteristic for supersaturated meteoric pore water 
in calcretes. Based on sedimentary features, the presence of calcretes in Pannonian 
deposits is excludable. Maliva (1989) documented early diagenetic displacive calcite 
crystals from open marine carbonates. In the studies samples, the rhombohedral calcite 
crystals, being widespread and scattered in fine grained siliciclastic rock, show many 
similarities with syntaxial overgrowth displacive calcites described by Maliva (1989). In 
the other hand, the nucleus of displacive calcite was not possible to identify in the 
Pannonian deposits. It is likely that the crystals were nucleated on cryptocrystalline 
calcite seeds. One possibility for the cores of the rhombohedral crystals is the 
nannoflora which was ubiquitous in the sediments (cf Szuromi-korecz et al., 2004). The 
MgCO3 content of rhombohedral calcite (Cal1E) is slightly higher than other diagenetic 
calcite, except for calcite phases in the lower part of Endrőd Formation (Cal1E, Cal2E). 
Moreover, FeoCO3+ MnCO3 content of this Cal1E is low. These data imply to early 
precipitation from connate water of brackish origin (Saller and Moore, 1991; Hayes and 
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Boles, 1993; Milliken, 2005). This brackish water was probably evolved from marine 
water during the isolation of Lake Pannon (Uhrin, 2011). Compactional features, 
observed next to rhombohedral crystals indicate that at the time of the formation of 
calcite crystals, the sediments were unconsolidated.  
In the samples from Szolnok Formation, calcite (Cal2Sz- measured separately in 
wells M6 and M7), indicates a formation temperature of ca. 60- 65
 o
C. In Mcs1 well, 
pre-compactional rhombohedral calcite (Cal1Sz) and post-compactional calcite 
(Cal2Sz) were measured together. These values overlap with separately sampled Cal1Sz 
and Cal2Sz values; however, in some samples are even more negative. This suggests 
that Cal2Sz being present in these bulk samples, could have precipitated in higher 
temperature than separately sampled one. Based on the measured oxygen isotope values 
of bulk calcite (Cal1Sz and Cal2Sz), a temperature interval of ca. 40‒70 
o
C was 
calculated (Fig. 9.2B). Consequently, in the margin of the basin (Mcs1 well) a little bit 
higher formation temperature was calculated for Cal2Sz than in the centre of the basin 
(M6 and M7 wells). In one core in M7 well, Cal2Sz occurred together with a high 
amount of detrital calcite. Accordingly, these values were not used for temperature 
calculation. 
 
9.2.3. Interpretation of calcite phases in Algyő Formation 
In the Algyő Formation, a co-variant trend in carbon and oxygen isotope values was 
observed in bulk samples (Figs 7.15 and 7.16). For tightly cemented sandstones, where 
calcite rock fragments and bioclasts are rare, the most negative carbon and oxygen 
values are characteristic and these values are present as a well distinguishable group 
(Fig. 7.16). In one measurement, oxygen and carbon values are shifted toward less 
negative value. This latter value suggests that calcite has started to precipitate in lower 
temperature, around 55
o
C. This phase is petrographically similar to the Cal2E and 
Cal2Sz phases. Otherwise, in case of tightly cemented sandstones a formation 
temperature of calcite (Cal3A) ca. 75 to 85 
o
C was calculated (Fig. 9.2C). In non-
cemented sandstones, rich in unaltered calcite rock fragments and bioclasts, both carbon 





9.2.4. Interpretation of geochemical composition of diagenetic minerals 
In the case of diagenetic calcites in Endrőd and Szolnok Formations, the majority of the 
measured δ
13
CV-PDB values are between 0 to 1.5 ‰, suggesting no contribution of 
additional organic carbon (Dimitrakopoulos and Muehlenbachs, 1987). Samples of 
diagenetic calcite from M6 well exhibit enrichment in light carbon in Endrőd and 
Szolnok Formations. This is probably due to a local effect.  
In the Algyő Formation carbon isotope values of Cal3A are constantly negative, 
whereas in the other formations only some negative values were detected. This indicates 
an addition of isotopically light carbon from an organic source (Morad, 1998; Grundtner 
et al., 2017).  Origin of isotopically light carbon in deeply buried reservoirs is usually 
explained with the thermal decarboxylation of organic matter (cf Lonoy et al., 1986; 
Wang et al., 2016).   
Diagenetic calcite has FeCO3+ MnCO3 content below 10% which is decreasing 
from Endrőd to Algyő Formation. Moderately high values in Endrőd and Szolnok 
Formations suggest non-meteoric origin. According to Milliken (2005), higher values of 
FeCO3+ MnCO3 are characteristic for deep burial diagenesis, whereas lower values are 
characteristic for meteoric diagenesis.  
FeCO3+ MnCO3 content is in accordance with the measurements of Mátyás 
(1994) and Juhász et al (2002) from Hód-1 well from Makó Trough and from reservoir 
sandstones from the area of Szolnok and from Algyő and Szeghalom Highs. However, 
the above mentioned authors interpreted low FeCO3+ MgCO3 content as meteoric origin 
(Juhász et al, 2002), other explanations can be considered as well. Low FeCO3+ MnCO3 
content in pore-compactional calcite (Cal1E, Cal1Sz) is associated with moderate 
MgCO3 content suggesting formation from connate brackish pore-water (Saller and 
Moore, 1991; Hayes and Boles, 1993; Milliken, 2005). High MgCO3 content and 
moderate FeCO3+MgCO3 content in Cal2E calcite of Endrőd Formation is indicative to 
coeval clay mineral transformations (Worden and Burley, 2003).   
 
9.2.5. Diagenetic calcite in other part of the basin 
Diagenetic phases detected in the present study are comparable to the ones described by 
Máytás (1996) from the Makó Trough and from Szolnok area, and Juhász et al (2002) 
from Battonya High, from the vicinity of the Makó Trough. The above mentioned 
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authors analysed sandstones of Pannonian age from reservoirs of different locations and 
usually shallower depth. Calcite phase (Cc1a) was interpreted as eogenetic cement that 
was formed in a temperature of 20- 65 
o
C calculated from stable oxygen isotope data 
and calculation of intergranular volume of sandstones (Mátyás, 1996). Calcite phase 
(B1) formed from brackish pore-water of 1.2 to 1.6 wt% salinity in temperatures lower 
than 50
o
C, based on fluid inclusion analysis of Juhász et al (2002). 
Mesogenetic calcite phases Cc2a (Mátyás, 1996) and B2 (Juhász et al, 2002), 
precipitated in higher temperature than mesogenetic calcite phases in this study (Cal2E 
and Cal2Sz). For calcite phase Cc2a  a formation temperature of 80‒ 120 
o
C was 
calculated from isotopes (Mátyás, 1996), whereas for calcite phase B2 a 
homogenization temperature of 120- 130 
o
C and a salinity of 3.2 to 4.5 wt%  were 
measured from fluid inclusions (Juhász et al, 2002). Formation temperature for 
mesogenetic calcite in Algyő Formation (Cal3A) is comparable with but still lower than 
Cc2a (Mátyás, 1996) and B2 calcite (cf Juhász et al, 2002).  
From Pannonian sandstones from the vicinity of the Makó Trough, Mátyás and 
Matter (1997) reported that oxygen isotopic values of early diagenetic calcite are more 
negative than of post compactional calcite (Fig. 9.3). A comparable data set was not 
observable in the present study, that Mátyás and Matter (1997) analysed sandstones 
which were not buried as deeply as the ones in the Makó Trough. The above mentioned 
authors explained the less negative oxygen isotopic ratios by enrichment of fluids with 
18
O during smectite to illite transformation reactions in late diagenesis.  
Carbon isotopic values from this study were compared with stable isotopic data 
from hydrocarbon fields in the Pannonian Basin, located in more elevated geological 
setting, such as Szeghalom High (Juhász, 2002), or from the area of Szolnok (Mátyás, 
1994) (Fig. 9.3). Calcite from theses field exhibits more negative values both in oxygen 
and in carbon isotopes. However, the above mentioned sandstones are productive 
reservoirs, whereas in the Makó Trough no economically valuable hydrocarbons were 
found (Juhász et al, 2002, Badics et al, 2011). This implies that calcite precipitation was 
connected to migration and hydrocarbon emplacement in these productive fields 
(Grundtner et al., 2017), causing negatives shift in carbon isotope values of the calcite. 
Carbon and oxygen isotopic values of calcite in the Algyő Formation, from the 
Makó Trough have similar negative values and comparable to the ones in Szolnok and 
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Endrőd Formation from other parts of the Pannonian Basin (Fig. 9.3.). A possible 
explanation for this can be that extraformational fluids recharged to the Algyő 
Formation in the Makó Trough, and in all the three formations in other areas.  
 
9.3. Interpretation of diagenetic reactions 
 
In this chapter, the origin of diagenetic minerals, except for calcite is discussed in the 
order of formation.  
9.3.1. Eogenesis- pyrite and early clay minerals 
Pore-filling clay minerals were observed in each formation, while grain-coating clays 
are characteristic only for certain parts of Algyő and Szolnok Formations. These coats 
can have various origins, such as inherited coats, infiltrated coats and bioturbation 
(Wilson and Pittman, 1977; Moraes and Ros, 1992; Wilson, 1992; Gier et al., 2008). 
Wooldridge et al (2017) demonstrated that clay particle attachment is mediated by a 
biofilm, and biological mediation has an important role in the formation of clay coats. 
Bioturbation occurs in clay rich layers of Endrőd Formation as well as in Szolnok and 
Algyő Formations (Sztanó, personal communication); thus, conditions were assured for 
the formation of clay coats. Framboidal pyrite is widespread in the Endrőd Formation 
and scarce in the lower part of Szolnok Formation. This mineral was formed as a result 





9.3.2. Interpretation of mesogenetic reactions 
The increasing amount of ankerite with depths in the Makó Trough (Fig. 5.13) suggests 
that ankerite precipitation is a temperature related process. Several authors concluded 
that formation of ankerite in sandstone is mainly occurs in the zone of mesogenesis and 
is often connected to the transformation of clay minerals (Kantorowicz, 1985; Hendry et 
al., 2000; Hendry, 2002; Calvo et al., 2011). Ankerite formation was reported from a 
wide range of temperatures from 30 to 120 
o
C (Kantorowicz, 1985; Boles and 
Ramseyer, 1987; Hendry et al., 2000). Clay alterations were observed in the sandy and 
clayey deposits of the Makó Trough. In the composition of ankerite, a chemical 
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heterogeneity was observed, which possibly reflects the slight variation in chemical 
composition of pore-water. 
Albite is a widespread diagenetic mineral in the examined samples and its 
amount increases with depth (Fig. 5.13). In shallower samples from the Makó Trough, 
the albitization of feldspar is partial, whereas in deeper samples, the detrital feldspars 
are totally albitized. In the latter case, albite overgrowth cement is also present. The 
albite is non-luminescent and has a chemically pure composition. These features typify 
the diagenetic albite according to the studies of González-Acebrón et al. (2010). The 
burial trend indicates that albitization was a temperature related process in the Makó 
Trough. Albitization of detrital K-feldspar is common diagenetic alteration process in 
reservoir sandstones and occurs at a temperature range of 65 to 125
o
C (Saigal et al., 
1988). Most important source for albitization in the studied sandstones was the 
illitization of smectite (cf Gonzales Acebron et al, 2010). The temperature related 
process of illitisation of smectite is suggested by the increasing illite content with depth. 
This process was likely the source for quartz and carbonate cementations as well 
(McKinley et al., 2002).  
In the studied samples, quartz cement is most widespread in detrital quartz grain 
rich Algyő Formation, whereas is scarce in the Szolnok and Endrőd Formations rich in 
feldspar grains and rock fragments. Quartz cement is most abundant in clean quartz 
arenites with low clay content (Worden, 2000). In the studied sandstones, syntaxial 
quartz overgrowth is predominant, whereas microcrystalline quartz is also present. 
Authigenic quartz formed coevally with illite and chlorite, and it was post-dated by 
calcite phase Cal3A in the Algyő Formation. Sources for quartz cement in the studied 
sandstones were albitisation and dissolution of K-feldspar, illitisation of smectite (cf 
Worden and Morad, 2000, Milliken, 2005). According to Bjorkum (1996), the presence 
of K- and Al-bearing minerals (illite, micaceous clay) on the surfaces of quartz grains 
can enhance pressure dissolution and quartz cementation. Mica grins, such as muscovite 
is widespread in in the analyzed sandstones, suggesting not only this criterion 
influenced the quartz cementation process. In the lower part of Endrőd Formation, early 
diagenetic grain rimming calcite cement has prevented extensive quartz cementation, 
since it covered clean quartz surfaces. A similar case was described byGier et al. (2008).   
Total chlorite content is the highest in the Szolnok Formation, whereas it is 
lower in Endrőd and Algyő Formations. Based on petrographic observations, the 
84 
 
majority of this chlorite is of a detrital origin, sourced from metamorphic rock 
fragments. In the other hand, authigenic chlorite is enriched in some layers of Szolnok 
and Algyő Formation. Pore-filling morphology is the most widespread form of chlorite. 
Grain coating chlorite is only present in some layers of the Algyő Formation. 
Authigenic chlorite in sandstones has been reported from a wide range of temperatures, 
approximately from 70 to 200
o
C, and is dominantly characteristic for the mesogenetic 
realm (Boles and Franks, 1979; Ehrenberg, 1993; Ryan and Reynolds, 1997; Anjos et 
al., 1999; Aagaard et al., 2000). Grain coating chlorite commonly plays a significant 
role in preventing quartz cementation and enhancing reservoir quality (Ehrenberg, 1993; 
Anjos et al., 1999; Berger et al., 2009; Dowey et al., 2012), but due to the small quantity 
this effect is negligible in the Makó Trough. Authigenic chlorite in the Makó Trough 
was likely sourced from eogenetic precursor minerals (cf Ehrenberg, 1993) or the 
dissolution of detrital grains and volcanic rock fragments (Thomson, 1982).  
In the studied sandstones, kaolinite post-dates mesogenetic minerals, suggesting 
late diagenetic origin. Accordingly, formation from recharging meteoric water in the 
eogenetic realm, as suggested by several authors, is excludable (Mátyás, 1994; Marfil et 
al., 2003; Waldmann and Gaupp, 2016; Yuan et al., 2017, 2019). In the mesogenetic 
realm, alteration of feldspar to kaolinite is connected to acidic fluid that expels from 
underlying formations and flows into rock bodies during hydrocarbon migration (cf 
Yuan et al, 2019).  
In the upper part of Szolnok Formation and in the Algyő Formation, secondary 
porosity occurs in feldspar and calcite. Secondary porosity in authigenic calcite, which 
is one of the latest diagenetic mineral, suggests that dissolution was a late process in 
diagenetic history. Traces of organic matter in secondary porosity indicate the 
hydrocarbon content of fluid flowed into the sandstones.  
Cubic pyrite of coarse crystal size, occurring only in lower part of Endrőd 
Formation, was formed during thermal sulphate reduction (TSR) in a minimum 
temperature of 150
o
C (Vető et al, 2009, Nádasi, 2011). Natural gas is rich in H2S and 
organosulphur, isotopically heavy sulphur (-4,7 to 34,9 ‰), solid bitumen and high 





9.4. Clay mineral transformations 
9.4.1. Transformation of mixed-layer illite/smectite to illite 
Smectite-to-illite transformation is one of the most ubiquitous reactions during the 
diagenesis of sedimentary rocks (Hower et al., 1976; Gier, 1998). This reaction has been 
related to petroleum migration processes (Powers, 1967). Also, according to some 
studies (Johns and Shimoyama, 1972), mixed-layer clay minerals can act as catalysts in 
petroleum generation.  
Based on the study of mudrocks from the Makó Trough, Hillier et al (1995) 
reported that in mixed layered illite/smectite, the change from random to oriented 
mixed-layering occurs at a depth of 2500 m, at which vitrinite reflectance (Ro) is about 
0.6%. Comparative studies proved that in areas with low heating and subsidence rates of 
the Pannonian Basin System smectite-to-illite reaction is more advanced than in areas 
with high heating rate. This is because smectite-to-illite reaction is not only sensitive to 
the maximum reached temperature, but also to the length of time spent at a given 
temperature interval (Hillier et al., 1995). In the Makó Trough, geothermal gradient and 
heat flow are as high as 130 mW/m
2
 (Lenkey et al., 2001; Horváth et al., 2015) and 
accordingly, a less advanced reaction was observed by Hillier et al (1995).  
In the present study, the clay fraction from the depth range of 2700 to 4000 m 
from sandstones was analysed. The proportion of illite in mixed-layer illite/smectite is 
gradually increasing with depth and the transition from R1 to R3 ordering occurs at a 
depth of around 3400 m. In the deepest depth of the analyzed section, smectite-to-illite 
transformation reaction is complete and only discrete illite can be found. Accordingly, 
smectite-to-illite transformation reactions in sandstones were similar to those in 
mudstones (cf Mátyás et al, 1994; Hillier et al, 1995).  
 
9.4.2. Transformation of kaolinite to dickite  
The grade of kaolinite-to-dickite transformation was analysed in the depth interval of 
2700 to 4000 m. Morphology and thickness of crystals and various indices were taken 
into consideration (Stoch, 1974; Pernell et al, 2000). 
Highest value for maximum thickness of individual kaolinite crystals (3.13 
microns) was detected in lower part of Algyő Formation. In the upper part of Algyő and 
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in Szolnok Formation, the maximum thickness of individual crystals varied between 0.8 
and 1.6 microns. Calculating indices resulted in similar patterns. In lower part of Algyő 
Formation, indices characteristic for mixed-layer kaolinite/dickite or ordered structures 
were found. In other samples, indices characteristic for kaolinite or disordered mineral 
structure were found.  
Based on observations from other sedimentary basins, kaolinite increases the 
stacking order and transforms to dickite with increasing depth and temperature (Giles et 
al., 1992; Haszeldine et al., 1992). Higher degree of ordering and higher amount of 
dickite in shallower depth of the analyzed section (Algyő Formation) is not in 
accordance with the trend described above. Several studies discussed the possible 
scenario for the high prevalence of dickite in shallow depth, which are as follows. 
Kaolinite transforms to illite at high temperature if K-feldspar is available 
(Lanson et al., 2002). Dickitization of kaolinite occurs in the absence of K-
feldspar(Beaufort et al., 1998). In Algyő Formation, amount of K-feldspar is higher than 
in Szolnok Formation. This suggests that K-feldspar was consumed via illitization of 
kaolinite in this latter formation. However, this model cannot explain the high amount 
of dickite in the Algyő Formation.  
Marfil et al (2003) and Mansurbeg et al. (2012)observed that kaolinite-to-dickite 
transformation only occurred in open systems (high permeability reservoirs) while 
kaolinite remained stable in closed systems (low permeability sandstones). Considering 
that the present day porosity and permeability are higher in the Algyő Formation than in 
tightly cemented Szolnok Formation, the fluid-dominance of the diagenetic system can 
be an explanation for the prevalence of dickite in shallower depth. Kaolinite-to dickite 
transformation occurs in the temperature range of 100 to 120
o
C (Hoffman and Hower, 
1979; Ehrenberg, 1993; McAulay et al., 1994; Parnell et al., 2010), which is the present 
day temperature of Algyő Formation.  
Burial history and heat flow can also influence the kinetics of the transformation 
process. Hillier et al (1993) reported similar phenomenon in case of illitization of 
smectite, concluding that reaction is highly sensible to the time span in a given 
temperature. Accordingly, the dickitization was also likely controlled by the lower 




9.5. Evaluation of diagenetic components regarding the pore fluids 
 
In the first two stages of burial (Eogenesis I and Mesogenesis I.), the observed 
alterations follow the compaction as well as the rock‒water interaction trends predicted 
for sandstones in connate and evolved formational pore water, respectively (Morad et 
al., 2000). In the stage of Mesogenesis II., the alteration processes, such as the 
formation of kaolinite, dickite and secondary porosity cannot be explained by internal 
reactions of the sandstones.  
The trace element and stable carbon isotope compositions of calcites, in 
Eogenetic association, in all the three formations indicate precipitation from internal 
sources. Pyrite precipitation was controlled by sulphate content of pore water that also 
suggests connate, brackish pore water of the deposits. Rapid subsidence of the basin and 
increasing sediment load (Bada et al., 2008; Balázs et al., 2017)  led to the destruction 
of porosity by compaction. 
The majority of the mineral association of Mesogenesis I. sourced from internal 
reactions of unstable components and formation water―these are typical in sandstones 
and mudstones above ca 50
o
C (Milliken, 2005). Alteration processes include detrital 
feldspar replacement, illitization of smectite, quartz cementation, and calcite 
cementation.  Further porosity loss occurred by precipitation of diagenetic minerals in 
the studied formations. In case of Cal3A higher formation temperature than other 
calcites in Makó Trough, and permanently negative δ
13
CV-PDB values, indicate 
precipitation from compactional water expelled from underlying units external fluid. In 
some cases, negative δ
13
CV-PDB values were detected in Cal2E and Cal2Sz as well, 
which suggests similar origin. Increasing amount of post-compactional calcite from the 
centre to the margins of the basin, increasing temperature from Endrőd to Szolnok 
Formation indicates formation from compactional waters expelled from underlying 
deposits. High FeCO3 and MnCO3 content of these phases suggests origin from evolved 
brackish pore-water as well. 
Diagenetic mineral associations of Endrőd Formation and lower part of the 
Szolnok Formation are in accordance with the observations of Mátyás (1994), and 
Mátyás and Matter (1997). According to these authors, deeply buried sandstones in the 
Makó Trough, are of low hydraulic connectivity. As a result, no extraformational fluid 
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could penetrate and diagenetic components, such as calcite, chlorite and illite were 
sourced from compactional waters expelled from interbedded shales during burial. 
The observed kaolinite in the upper Szolnok formation, additionally 
kaolinite/dickite and secondary porosity in the Algyő Formations suggest the presence 
of extraformational fluid flow during Mesogenesis II. Secondary porosity and kaolinite 
are indicative for a meteoric or a hydrocarbon bearing fluid flow (cf Mátyás and Matter, 
1997). Residual organic matter occurs in secondary porosity that suggests large scale 
extraformational fluid flow, which expelled from underlying formation. Formational 
fluids, connected to hydrocarbon migration, characterized with acidic chemistry are 
documented to cause dissolution of detrital grains and diagenetic minerals, and 
formation of kaolinite via alteration of feldspar(Schmidt and Mcdonald, 1979; Morad et 
al., 2010; T. Taylor et al., 2010). Formation of kaolinite and secondary porosity was 
reported from many reservoir sandstones and it is connected to either meteoric fluid 
recharge or organic matter maturation (Bjørlykke, 1994; El-ghali et al., 2006; 
Mansurbeg et al., 2012). In tight gas sandstones of lacustrine origin, kaolinite formation 
was also observed (Yuan et al., 2015, 2017; Ma et al., 2018). Kaolinite and dickite in 
Szolnok and Algyő Formations co-occurs with or pre-dates organic matter, indication 
that the process of feldspar alteration was triggered by organic acids connected to the 
migration of hydrocarbons (cf Ehrenberg et al., 1993; Gaupp et al., 1993; Lanson et al., 
2002). 
Juhász et al (2002) and Mátyás and Matter (1997) interpreted kaolinite as an 
early diagenetic mineral which was connected to meteoric water recharge. Considering 
the petrographic features of kaolinite, in the deeply buried sandstones of the Makó 
Trough, kaolinite has a different origin comparing to the area of Szolnok and the 
Szeghalom High. In Makó Trough, kaolinite is post-compactional, mesogenetic origin, 
whereas from Szeghalom High and the area of Szolnok eogenetic kaolinite was 
reported. 
Mineral association of Mesogenesis II. in the upper part of the Szolnok 
Formation and in Algyő Formation is comparable with the observations of Mátyás and 
Matter (1997). The presence of secondary porosity and kaolinite is a common feature, 
but an important difference is that Mátyás and Matter concluded that these formed as a 
result of early diagenetic processes. Mátyás and Matter (1997) interpreted deposits in 
Szeged area as laterally extensive, interconnected sheet like turbidite lobe sandstones 
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with medium to high hydraulic connectivity, which were recharged by meteoric water 
during burial. Accordingly, these sandstones acted as an open system during diagenesis, 
which lead to the formation of secondary porosity, ankerite, kaolinite and siderite in 




10. Burial history 
Based on diagenetic mineral associations, the burial history and the main stages of 
evolutions were reconstructed (Fig. 10.1.).  
After the deposition of each formation, eogenetic processes occurred. During the 
stage of Eogenesis in the Endrőd Formation, porosity was reduced by precipitation of 
diagenetic minerals such as calcite phases (Cal1E, Cal1Sz) and mechanical compaction. 
Where pre-compactional calcite cement (Cal1E and Cal1Sz) are present, the role of 
compaction was less pronounced.  Where Cal1E phase occurs as grain rimming cement, 
it had a significant role in preserving porosity and the sedimentary fabric of the 
sandstone. Eogenetic processes were sourced from the reactions of detrital grains and 
connate brackish pore-water of the deposits. During further burial, squeezed pore water 
from compacted clay rich layers of Endrőd Formation was expelled transporting ions 
originating from early clay mineral reactions, which contributed to the Mesogenetic I. 
reactions of the sandstone beds (Fig. 10.1., Stage 1).  
Due to further burial and the deposition of Szolnok Formation the reactions of 
Mesogenesis I. started in Endrőd Formation at a minimum temperature of 55
o
C. As a 
result, diagenetic minerals, such as albite and ankerite were precipitated and the 
transformation of smectite to illite occurred. Post-compactional calcite (Cal2E) phase 
was also originating from these internal reactions. 
After the deposition of Szolnok Formation, the top of Endrőd Formation reached 
the temperature of 70
o
C, according to the calculation by Badics et al, 2011 considering 
the subsidence rate, and the reactions of Mesogenesis I. started. Due to diagenetic 
reactions, such as albite, ankerite, calcite cementation and clay mineral reactions, 
deposits of Endrőd Formation gradually lost the porosity and permeability. As a result 
of significant porosity and permeability reduction, upward directed fluid flow was 
restrained. A fluid flow driven by compaction had pathways laterally along the 
relatively porous beds and expelled along the basement. The fluid flow transported ions 
from diagenetic reactions (Fig. 10.1., Stage 2). These fluids served additional reactants 
to the precipitation of Cal2E in upper part of Endrőd Formation and later on Cal2Sz in 
Szolnok Formation. This fluid flow model was supported by increasing amount of the 
calcite cements from the center to the margins of basin as well as the increasing 
precipitation temperature. 
After the deposition of Algyő Formation, the top of Szolnok Formation reached 
the temperature of 70
o





C (cf Badics et al, 2011). Overpressure developed at this stage (Bada et al, 
2008), due to clay mineral and other diagenetic reactions. The Endrőd Formation and 
overlying Szolnok Formation became tightly cemented which prevented further fluid 
flow along the basement. During Mesogenesis II., one possible flow pathway of 
hydrocarbon bearing fluids was through the fractured basement, which likely possesses 
relatively larger porosity and permeability comparing to the basinal deposits. Under 
gradually increasing overburden pressure, pore fluids were squeezed laterally into the 
basement rocks as proposed by Schubert et al. (2007) based on traces of hydrocarbons 
found in the vicinity of the Makó Trough, at Szeghalom Dome (Fig. 10.1, Satge 3.). 
Present day pore-water detected in Endrőd Formation and in some parts of lower 
Szolnok Formation is of high salinity (Fig. 10.2). The TDS values are characteristic for 
mesogenetic formation waters that evolved from connate pore water via rock-water 
interactions.   
After the deposition of Algyő Formation, continental sediments gradually filled 
the Makó Trough.  During Mesogenesis I. of the Algyő Formation, Cal3A precipitated 
which has higher calculated formation temperature and more negative carbon isotopic 
values than the majority of the mesogenetic calcite in Endrőd and Szolnok Formations. 
This phase partially originated from internal reactions of the Mesogenesis I.. These data 
suggest that majority of calcite cement (Cal3A) precipitated from the compactional fluid 
flow, migrated along the basement, originating from the underlying Endrőd and Szolnok 
Formations (Fig. 10.1., Stage 4). After the precipitation of Cal3A, kaolinite and dikcite 
were formed in Algyő Formation, whereas kaolinite also occurs in the uppermost 
Szolnok Formation. Later on secondary porosity with residual organic matter in some 
places was formed in the Algyő Formations. This porosity−mineral association of 
Mesogenesis II. were formed by recharged paleo-meteoric waters which were trapped in 
the basement (Fig. 10.1., Stage 5). The presence of the meteoric water in the basement 
was reported by Juhász et al (2002), M. Tóth et al. (2007) and Fiser-Nagy (2013). As 
the latest process in the paragenetic sequence, hydrocarbon bearing fluids also entered 
to Algyő Formation, which is indicated by hydrocarbon stains in the secondary porosity 
of Cal3A and other diagenetic minerals. Very low present day salinity values, 
characteristic for brackish or evolved meteoric water, with salinity values lower than the 
connate pore water of the sediments, were observed in Szolnok and Endrőd Formations 
(Bada et al, 2008; Fig. 10.2). Petrographic indicators for alteration in recharged 
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meteoric pore water, for example kaolinite, were only detected in upper Szolnok 
Formation in low quantity. 
In case of an interconnected fracture porosity system, the formational water of 
Endrőd Formation entered the basement because of overpressure. These waters likely 
squeezed out the paleo-meteoric waters which were already in the basement. Those 
paleo-meteoric waters, and possibly also the formation waters from Endrőd Formation, 
entered the deposits of Algyő Formation which still had some porosity.  For the accurate 
reconstruction of these processes, further analysis would be necessary, which is beyond 
the scope of this study.  
The model described above is in accordance with the work of Juhász et al (2002) 
from the deposits of Endrőd and Szolnok Formations, and basement rocks from the 
vicinity of the Makón Trough. Based on petrographic and geochemical analysis and 
fluid inclusion micro thermometry it was demonstrated, that during several periods from 
late Miocene to recent the crystalline basement and the overlying sediments evolved in 
a connected hydraulic regime. 
Juhász et al (2002) also detected a salinity drop in the sediments around 130
o
C 
(equivalent of 2- 2.5 km overburden). This suggests the establishment of a new 
hydraulic regime of waters of low salinity. The diagenetic reactions which were resulted 
from the above mentioned fluids were detected in this study as well, but only in Algyő 
Formation. 
The presence of residual bitumen in Algyő Formation indicates a migration 
event. One possible scenario for this can be throughout the fractured basement, but 
according to Bada et al. (2014), vertical migration along smaller scale discontinuities 

















Fig. 10.2. Present-day salinity of pore-waters in the Makó Trough (TXM- unpublished 




11. Reservoir quality evolution 
 
In the studies samples, the majority of the sandstones in Endrőd and Szolnok 
Formations are of insignificant or poor reservoir quality with very low porosity and 
permeability values. In these sandstones, diagenetic processes, such as compaction and 
cementation (dominantly carbonates and clay minerals) destroyed the reservoir quality. 
In certain layers of the Algyő Formation, where secondary porosity is widespread, 
reservoir quality is better. According to the petrographic observations, these sandstones 
also lost the majority of their primary porosity and permeability due to compaction and 
cementation, but due to a dissolution process, reservoir quality was improved. Porosity 
enhancement, due to the occurrence of chlorite coats was observed in only one sample. 
Chlorite coats prevent the formation of mineral cements such as quartz (Dowey et al, 
2012). No relationship was found between the distribution of these coats and 
petrographic composition or sedimentological features.  
Relationships between diagenetic facieses defined in this study and porosity and 
permeability data are in accordance with the observations of several previous studies in 
tight gas sandstones. The majority of these studies are from sedimentary basins from 
China.  Porosity loss, due to compaction of ductile grains and carbonate cementation 
was reported (Liu et al., 2015) from Carboniferous sandstone deposited in barrier bar- 
tidal flat- lagoon environment in the Ordos Basin. Porosity enhancement by dissolution, 
which resulted in secondary porosity, was reported by Fu et al. (2009) from Triassic 
sandstones from the south-eastern margin of the Ordos Basin. That sandstone were 
deposited in delta lake system and eogenetic laumontite was the pahse which was 
dissolved in late diagenesis. In Permian tight gas sandstones from Central China, 
secondary porosity was the main contribuitor for reservoir quality (Fan et al., 2019). 
Most significant prorsity types detected on that sandstone were intercrystalline pores of 
illite and kaolinite, matrix dissolution pores and primary intergranular pores. In minor 







The analysed fine to medium sandstones consist of poorly to moderately sorted 
grains and were classified as litharenites and fedspatic litharenites (sensu Folk, 1968). 
Predominant detrital grains in each formation consist of quartz, feldspar, mica, 
sedimentary- and metamorphic rock fragments. In the Algyő Formation the quantity of 
quartz is higher while in Szolnok and Endrőd Formations the quantity of feldspar and 
rock fragments are higher. Diagenetic minerals are pyrite, calcite, ankerite, albite and 
quartz. Detrital and diagenetic clay minerals are encountered as kaolinite, dickite, 
mixed-layer smectite/illite, discrete illite and chlorite. 
In the realm of Eogenesisis mechanical compaction, formation of clay coats and 
framboidal pyrite were the most significant processes. In the Endrőd and Szolnok 
Formations additionally pre-compactional calcite (Cal1E, Cal1Sz) precipitated. 
In the early stage of mesogenesis (Mesogenesis I.), formation of ankerite, 
albitization of feldspar, illitization of smectite, quartz cementation and chlorite 
formation occurred. Post compactional calcite (Cal2E, Cal2Sz, Cal3A) also precipitated. 
Additionally, a minor amount of Fe-dolomite was formed in Szolnok Formation. The 
increasing amount of diagenetic quartz from Endrőd to Algyő Formation is connected to 
the similar trend in detrital quartz content. In late mesogenesis (Mesogenesis II.), cubic 
pyrite was formed in Endrőd Formation, while a minor amount of kaolinite was formed 
in the upper part of Szolnok Formation. In the Algyő Formation, kaolinite and dickite 
were formed. Additionally, detrital and mesogenetic minerals, such as Cal3A calcite 
were dissolved and in secondary porosity with residual bitumen occurred.  
Based on petrographic features and geochemical data various calcite phases of 
different origin were distinguished. Pre-compactional calcite phases (Cal1E and 
Cal1Sz) being present in Endrőd and Szolnok Formations are poor in FeCO3+ MnCO3 
and moderately rich in MgCO3. According to stable isotopic data, these phases were 
formed in a temperature below 50
o
C. Post compactional calcite phases in Endrőd and 
Szolnok Formation (Cal2E and Cal2Sz) post-dates albite and ankerite, whereas in 
Algyő Formation such calcite (Cal3A) also post-dates quartz.  Post-compactional calcite 
is MgCO3 rich in Endrőd Formation, FeCO3+MnCO3 content is moderate. Post-
compactional calcite in Szolnok Formation is poor in MgCO3, whereas its 
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FeCO3+MnCO3 contents are highly variable. Cal3A in Algyő Formation exhibits a high 
variability in FeCO3+MnCO3 and moderate variability in MgCO3 content. Based on 
stable isotope data these phases formed in 55 to 65
o
C in Endrőd Formation, 65 to 70
o
C 
in Szolnok Formation and 70 to 85
o
C in Algyő Formation. 
Detailed clay mineral analyses were encountered in the depth interval of 2700 to 
4000 m. The proportion of illite in mixed-layer illite/smectite gradually increases with 
depth. In the deepest part of the analysed section only discrete illite was found. The 
transition from R1 to R3 ordering was observed at 3400 m depth. 
Transformation of kaolinite to dickite was only detected in Algyő Formation. 
This reaction can only take place in open systems (high permeability reservoirs). In 
Szolnok Formation the lack of porosity and permeability prevented this reaction in late 
diagenesis. 
Burial history and porosity evolution of the analyzed sandstones was 
reconstructed. In the early stage of Eogenesis, sandstones lost their porosity due to pre-
compactional calcite (Cal1E and Cl2E) and mechanical compaction. Precipitation of 
clay minerals also contributed to porosity lost in Endrőd and Szolnok Formations. At 
this stage, diagenetic minerals were originated from internal sources. 
After the deposition of Szolnok Formation, Mesogenesis I. started in Endrőd 
Formation. Precipitation of cement, such as albite, ankerite, quartz, clay minerals and 
Cal2E lead to the destruction of porosity. Increasing amount of Cal2 from the centre to 
the margins of the basin and increasing formation temperature with decreasing depth 
(from Endrőd to Algyő Formation) suggest that these phases were sourced from 
compactional fluid flow. Such flow expelled from Endrőd and Szolnok Formations and 
transported irons to the overlying formations. Some of the Cal2 paheses originate from 
internal sources.  
During the deposition of the Algyő Formation, the alteration processes of 
Mesogenesis I. took place in the Szolnok Formation, whereas the alteration processes of 
Mesogenesis II. occurred in the Endrőd Formation. Meantime, the Endrőd Formation 
reached the oil window and the Szolnok Formation lost the majority of its porosity in 
the zone of Mesogenesis I.. As a result, from the overpressured Endrőd Formation 
hydrocarbon-bearing fluids entered to the basement, where paleo-meteoric fluids were 
already present.   
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As a late event in paragenetic sequence, external fluids entered the Algyő 
Formation, causing dissolution and alteration of feldspar to kaolinite. As a result, in 
several layers of Algyő Formation secondary porosity was formed. Based on the 
residual bitumen, found in secondary porosity, the dissolution took place in a pore-fluid 
containing hydrocarbons.  
Due to compaction and cementation by various mineral phases the majority of 
the analysed sandstones lost their porosity and became tightly cemented of poor 
reservoir quality.  The presence or porosity preserving chlorite was observed in only 
one sample of the Algyő Fprormation. Due to a dissolution event in late diagenesis, 
secondary porosity became widespread in Algyő Formation, causing the enhancement 






Reservoir quality of tight sandstones is significantly influenced by diagenetic 
alterations.  In this study, the diagenetic history of Late Miocene sandstones from SE 
Hungary, in the Endrőd, Szolnok and Algyő Formations was reconstructed. 
Petrographic (optical microscopy, CL, SEM) and geochemical (Microprobe, stable 
isotope geochemistry) methods were used.   
In the fine to medium litharenites and fedspatic litharenites (sensu Folk, 1968) 
predominant detrital grains consist of quartz, feldspar, mica, sedimentary- and 
metamorphic rock fragments. Eogenetic minerals are calcite, clay minerals and pyrite, 
mesogenetic minerals are albite, ankerite, quartz, calcite, illite and chlorite. In the zone 
of mesogenesis the transformation of smectite to illite occurred. In late mesogenesis 
secondary porosity, kaolinite and dickite were formed in Algyő Formation. 
Based on petrographic features and geochemical data, various calcite phases of 
different origin were distinguished. Pre-compactional calcite phases (Cal1E and 
Cal1Sz) being present in Endrőd and Szolnok Formations were formed in a temperature 
below 50
o
C from the connate pore-water of the sediments. Post compactional calcite 
formed in 55 to 65
o
C in Endrőd Formation, 65 to 70
o
C in Szolnok Formation and 70 to 
85
o
C in Algyő Formation. These cements were precipitated from the evolved connate 
pore-water of the deposits and – in case of the Szolnok and Algyő Formations- from 
compactional fluid flow from underlying formations. This is suggested by the 
increasing amount of Cal2E and Cal2Sz phases from the centre to the margins of the 
basin. The transition from R1 to R3 ordering of mixed-layer illite/smectite was observed 
at 3400 m depth. Transformation of kaolinite to dickite was only detected in Algyő 
Formation, which can be explained with the higher permeability comparing to other 
formations.  
Burial history and porosity evolution of the analyzed sandstones were 
reconstructed. During eogenesis and mesogenesis, the deposits gradually lost their 
porosity and permeability due to compaction and cementation. Later on, a compactional 
flow, along the basement transported material from Endrőd to overlying formations. 
When overpressure was developed in Endrőd Formation, pore fluids likely was 
squeezed to fracture pores of the basement where paleo-meteoric waters were preserved.  
This supports the models proposed by Juhász et al (2002), M Tóth et al (2007) and 
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Fisher Nagy (2013) from other parts of the Pannonian Basin. As a consequence, the 
fluids recharged from the basement fractures in shallower depth likely caused 






A tömör homokkövek rezervoár tulajdonságait jelentősen befolyásolják a diagenetikus 
átalakulások. Jelen tanulmányban DK Magyarországon előforduló késő-miocén 
homokkövek diagenezis történetének rekonstrukciójára került sor.  Az Endrődi, 
Szolnoki és Algyői Formációkból származó minták vizsgálata petrográfiai (optikai 
mikroszkópia, CL, SEM) és geokémiai (mikroszonda, stabil izotóp geokémia) 
módszerekkel történt.  
Az apró- középszemcsés kőzettörmelékes homokkövek valamint földpátos 
kőzettörmelékes homokkövek (Folk, 1968) leggyakoribb alkotóelemei a kvarc, földpát, 
csillámok, illetve üledékes- és metamorf kőzettörmelék szemcsék. Az eogenetikus 
ásványok a kalcit, agyagásványok és pirit, míg a mezogenezis zónájában albit, ankerit, 
kvarc, kalcit, illit és klorit keletkeztek. A szmektitek illitesedése szintén lezajlott. A 
késői mezogenezisben az Algyői Formációan másodlagos porozitás, kaolinit és dickit 
képződött.  
A petrogáfiai megfigyelések és a geokémiai adatok alapján változatos eredetű 
kalcit fázisokat sikerült elkülöníteni. A pre-kompakciós kalcitok (Cal1E, Cal1Sz), 
melyek az Endrődi és Szolnok Formációkban jelennek meg 50 
o
C alatti hőmérsékleten 
keletkeztek, az átöröklött üledékes pórusvizből csapódtak ki. A post-kompakciós kalitok 
az Endrődi Formációban 55‒65 
o
C, a Szolnoki Formációban 65‒70 
o
C, míg az Algyői 
Formációba 70‒80 
o
C hőmérsékleten képződtek. Ezek a kalcitok, módosult pórusvizből 
képződtek. Emellett a mélyebben fekvő formációkból származó kompakciós pórusvizek 
is hozzájárultak ezen kalcitok képződéséhez. Ezt bizonyítja a Cal1E és Cal1Sz fázisok 
növekvő mennyisége a medence közepétől a medence széle felé haladva. A kevert 
szerkezetű szmektit/illit agyagásványok rendezettsége 3400 m mélységben R1-ről R3-ra 
változik. A kaolinit dickitté való átalakulása kizárólag az Algyői Formációban volt 
észlelhető, ami annak a többi formációhoz képest magasabb permebilitásával 
magyarázható.  
A vizsgált homokkövek betemetődés történetének és porozitás fejlődésének 
rekonstrukciója az alábbiakra világított rá. Az eogenezis és mezogenezis során a 
homokkövek a kompakció és cementáció hatására fokozatosan vesztették el 
porozitásukat és permeabilitásukat. Később, az aljzat mentén áramló kompakciós vizek 
áramlottak az Endrődi Formációból a felette található kőzetekbe. A túlnyomás 
kifejlődése az Endrődi Formációban, valamint a Szolnoki Formáció cementációja, azt 
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eredményezte, hogy az Endrődi Formáció pórusfluidumai az aljzat repedéseibe 
áramlottak, a feltételezett nyomáskülönbség hatására, amelyek paleo-meteorikus vízzel 
telítettek voltak. Ez alátámasztja Juhász et al (2002), M Tóth et al (2007) és Fisher Nagy 
(2013) korábbi eredményeit. Így az aljat töréses porozitásában tárolt fluidumok 
kiáramlottak az Algyői Formáció még porózus részeibe, ahol másodlagos porozitás 
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Appendix 1. Proportion of quartz- feldspar and rock fragments 
Sample name Formation Feldspar % 
Rock 
fragments 
% Quartz % 
szk30eds map 2 Szolnok 6,51 56,51 36,98 
szk30 eds map 1 Szolnok 12,68 35,23 52,09 
KV1 Algyő 13,35 30,81 55,84 
KV1 Algyő 7,93 32,68 59,39 
KV2 Algyő 11,64 34,39 53,97 
KV3 Algyő 9,40 27,89 62,71 
KV4 Algyő 17,57 29,91 52,52 
KV6 Algyő 16,45 25,48 58,06 
B1-124 Algyő 6,40 24,30 69,20 
B1-15 Algyő 4,50 21,00 74,60 
M7 C1 13 Szolnok 13,38 25,00 61,62 
M7 C1 13 Szolnok 5,82 53,94 40,24 
M7 c1 16 Szolnok 13,25 40,92 45,83 
M7 c1 21 Szolnok 15,12 56,93 27,96 
M7 c2 103 Szolnok 11,04 43,42 45,53 
M7 C2 69 Szolnok 14,94 33,65 51,41 
M7 c4 39 Szolnok 21,98 45,16 32,86 
M7 c4 39 Szolnok 17,25 43,86 38,89 
M7C4 43 Szolnok 25,96 30,23 43,81 
M7 c5 61 Endrőd 18,98 53,55 27,48 
M7 c5 26 Endrőd 31,76 52,85 15,39 
M7 c5 26 Endrőd 43,52 48,89 7,59 
M6-c1-4 map1 Szolnok 13,72 31,92 54,35 
M6-c1-4 map2 Szolnok 15,00 35,34 49,65 
M6-c1-4 map2 Szolnok 21,43 41,77 36,80 
M6-c2-25 map2 Endrőd 15,57 47,23 37,20 
M6-c2-25 map4 Endrőd 11,43 33,66 54,92 
Mcs1-c1-82 map1 Szolnok 15,34 28,08 56,59 
Mcs1-c1-82 map2 Szolnok 21,76 32,09 46,15 
Mcs1-c2-88 map1 Endrőd 6,77 55,84 37,39 




Appendix 2. XRD patterns  
 
Sample M7-C6-105, M7 well, 5740 m, Endrőd Formation, sandstone. 
 
 
Sample M7-C3-48, M7 well, 4088 m, Szolnok Formation, siltstone. 
 
 




Sample M7-C3-46, M7well, 4087 m, Szolnok Formation, sandstone. 
 
 




Sample M7-c2-75, 3426 m, Szolnok Formation, siltstone. 
 
 
Sample M7-C4-101, 4757 m, Szolnok Formation, siltstone. 
 
 
Sample, M7-C3-46, 4086 m, Szolnok Formation, sandstone. 
 
 
Sample K-c2-26, well K1, Algyő Formation, 3051 m, sandstone, saturated with K-DMSO. 
 
Sample K-c2-26, well K1, Algyő Formation, 3051 m, sandstone. 
 
Sample, K-c2-17, well K1, Algyő Formation, sandstone saturated with K-DMSO. 
 
 
Sample, K-c2-17, well K1, Algyő Formation, sandstone. 
 
 




Sample K-c1-13, well K1 3020 m Algyő Formation, sandstone. 
 
Sample, K-c1-13, well K1,3020 m Algyő Formation, sandstone saturated with K-DMSO. 
 
 
Sample, B1-41, well B1, 2719 m, sandstone saturated with K-DMSO. 
 
 
Sample, B1-41, well B1, 2719 m, sandstone. 
 
 
Bulk sample of K-c2-17, well K1, 3044 m, sandstone.  
 
 
Bulk sample of K-c1-24, 3203 m, well K1 Algyő Formation, sandstone. 
 
 
0.2 microns fraction of M7-c2-75, 3426 m, Szolnok Formation, sandstone. 
 
 
Appendix 3. Geochemical composition of carbonate minerals. 

















B1 B1/124 an 9 2744 calcite Algyő 96,10 0,83 0,59 0,68 0,28 98,47 
B1 B1/124 an 10 2744 calcite Algyő 98,11 0,95 0,44 0,71 0,26 100,47 
B1 B1/124 an 12 2744 calcite Algyő 96,47 0,17 0,39 0,50 0,17 97,69 
B1 B1/124 an 15 2744 calcite Algyő 95,14 0,87 0,55 0,63 0,29 97,49 
B1 B1/124 an 16 2744 calcite Algyő 95,07 0,90 0,66 0,80 0,23 97,66 
B1 B1/15 an 5 2303 calcite Algyő 101,50 0,41 0,59 1,18 0,28 104,05 
B1 B1/15 an 7 2303 calcite Algyő 95,85 0,45 0,58 1,30 0,24 98,41 
B1 B1/15 an 9 2303 calcite Algyő 94,53 0,14 0,76 1,73 0,08 97,24 
B1 B1/15 an 20 2303 calcite Algyő 95,48 0,29 0,35 0,70 0,20 97,01 
K1 K2/26 an 4 3051 calcite Algyő 100,00 0,28 0,44 1,26 0,30 102,28 
K1 K1/13 an 6 3021 calcite Algyő 96,89 0,29 0,54 0,48 0,04 98,24 
K1 K1/13 an 7 3021 calcite Algyő 95,50 0,32 0,52 1,11 0,33 97,79 
K1 KV1/3 an 30 3012 calcite Algyő 94,77 0,98 0,50 1,28 0,21 97,75 
K1 KV1/3 an 31 3012 calcite Algyő 94,07 1,11 0,58 1,27 0,24 97,26 
B1 B1/15 an 4 2303 calcite Algyő 96,03 0,08 2,05 0,19 0,00 98,35 
B1 B1/15 an 11 2303 calcite Algyő 94,51 0,05 1,98 0,69 0,28 97,52 
B1 B1/15 an 15 2303 calcite Algyő 100,60 0,01 1,55 0,14 0,09 102,43 
B1 B1/15 an 18 2303 calcite Algyő 94,37 0,09 1,04 1,83 0,27 97,60 
B1 B1/15 an 19 2303 calcite Algyő 96,45 0,09 1,40 0,10 0,04 98,09 
K1 K2/26 an 1 3051 calcite Algyő 97,28 0,04 0,58 1,34 1,02 100,26 
K1 K2/26 an 3 3051 calcite Algyő 98,52 0,11 0,57 0,41 0,47 100,07 
K1 K2/26 an 6 3051 calcite Algyő 100,20 0,08 0,97 0,15 0,02 101,46 
K1 K2/26 an 14 3051 calcite Algyő 95,53 0,31 0,84 0,92 0,30 97,91 
K1 K2/26 an 15 3051 calcite Algyő 94,05 0,15 2,90 1,20 0,04 98,35 
K1 K1/13 an 5 3021 calcite Algyő 97,32 0,12 1,69 1,04 0,58 100,74 
K1 K1/13 an 8 3021 calcite Algyő 95,41 0,06 0,67 0,39 0,09 96,62 
K1 KV1/3 an 12 3012 calcite Algyő 97,11 0,10 0,61 0,02 0,03 97,88 
K1 KV1/3 an 23 3012 calcite Algyő 96,51 0,69 0,51 1,09 0,22 99,00 
K1 KV1/3 an 25 3012 calcite Algyő 96,79 0,02 0,87 0,12 0,00 97,79 
K1 KV1/3 an 26 3012 calcite Algyő 96,91 0,03 1,16 0,44 0,00 98,55 
K1 KV1/3 an 27 3012 calcite Algyő 95,95 0,23 0,85 0,87 0,07 97,97 
K1 KV1/3 an 28 3012 calcite Algyő 93,99 0,23 2,58 0,82 0,25 97,87 
K1 KV1/3 an 29 3012 calcite Algyő 98,67 0,14 0,75 0,66 0,22 100,44 
K1 KV1/3 an 32 3012 calcite Algyő 95,81 0,02 1,59 0,72 0,12 98,26 
 
  

















K1 KV1/3 an 33 3012 calcite Algyő 99,27 0,05 0,13 0,13 0,00 99,58 
K1 KV2/12 an1 3039 calcite Algyő 97,44 0,08 0,54 0,27 0,08 98,41 
K1 KV2/12 an2 3040 calcite Algyő 98,30 0,01 0,87 0,13 0,00 99,31 
K1 KV2/12 an6 3044 calcite Algyő 92,30 0,12 0,92 1,93 0,37 95,64 
K1 KV2/12 an7 3045 calcite Algyő 95,23 0,05 0,65 0,49 0,01 96,42 
K1 KV2/12 an12 3047 calcite Algyő 96,79 0,48 1,15 2,03 0,30 100,75 
K1 KV2/12 an13 3048 calcite Algyő 95,22 0,15 2,11 1,82 0,21 99,51 
K1 KV2/12 an14 3049 calcite Algyő 97,66 0,01 0,08 0,25 0,37 98,38 
K1 KV2/5 an 1 3036 calcite Algyő 100,40 0,02 0,58 0,18 0,00 101,19 
B1 B1/124 an 8 2744 calcite Algyő 96,59 0,91 0,53 0,78 0,18 98,98 
B1 B1/124 an 13 2744 calcite Algyő 96,41 1,24 0,43 0,58 0,08 98,73 
B1 B1/124 an 14 2744 calcite Algyő 97,12 0,71 0,47 0,91 0,27 99,47 
B1 B1/15 an 3 2303 calcite Algyő 92,24 0,41 0,51 0,97 0,12 94,25 
B1 B1/15 an 8 2303 calcite Algyő 97,70 0,37 0,43 0,97 0,31 99,78 
B1 B1/15 an 10 2303 calcite Algyő 97,91 0,49 0,53 1,12 0,31 100,36 
B1 B1/15 an 12 2303 calcite Algyő 96,63 0,46 0,52 1,05 0,24 98,89 
B1 B1/15 an 16 2303 calcite Algyő 100,00 0,50 0,58 1,08 0,26 102,48 
B1 B1/15 an 21 2303 calcite Algyő 92,77 0,43 0,55 1,34 0,25 95,35 
K1 K2/26 an 2 3051 calcite Algyő 97,92 0,50 0,51 1,29 0,15 100,37 
K1 K2/26 an 5 3051 calcite Algyő 99,23 0,51 1,17 1,90 0,07 102,88 
K1 K2/26 an 12 3051 calcite Algyő 98,59 0,33 0,50 1,30 0,23 100,94 
K1 K2/26 an 13 3051 calcite Algyő 96,09 0,14 1,97 0,76 0,05 99,02 
K1 K2/26 an 16 3051 calcite Algyő 94,41 0,35 0,61 1,31 0,26 96,95 
K1 KV1/3 an 1 3012 calcite Algyő 98,85 1,52 0,63 1,10 0,10 102,21 
K1 KV1/3 an 2 3012 calcite Algyő 99,50 1,51 0,69 1,44 0,27 103,40 
K1 KV1/3 an 3 3012 calcite Algyő 99,80 1,32 0,54 1,17 0,36 103,18 
K1 KV1/3 an 4 3012 calcite Algyő 100,10 1,56 0,56 1,55 0,36 104,02 
K1 KV1/3 an 5 3012 calcite Algyő 97,38 1,20 0,47 1,17 0,30 100,52 
K1 KV1/3 an 7 3012 calcite Algyő 97,99 1,03 0,62 1,41 0,27 101,32 
K1 KV1/3 an 8 3012 calcite Algyő 99,03 1,26 0,59 1,19 0,36 102,42 
K1 KV1/3 an 9 3012 calcite Algyő 95,06 0,77 0,50 1,13 0,28 97,75 
K1 KV1/3 an 10 3012 calcite Algyő 94,81 0,86 0,55 1,22 0,28 97,72 
K1 KV1/3 an 11 3012 calcite Algyő 97,50 0,84 0,44 1,06 0,15 99,98 
K1 KV1/3 an 13 3012 calcite Algyő 95,86 1,20 0,63 1,40 0,28 99,37 
 
  

















K1 KV1/3 an 14 3012 calcite Algyő 98,46 0,70 0,55 1,13 0,33 101,16 
K1 KV1/3 an 15 3012 calcite Algyő 94,74 0,79 0,43 1,07 0,29 97,31 
K1 KV1/3 an 24 3012 calcite Algyő 97,17 1,04 0,54 1,43 0,25 100,43 
K1 KV1/3 an 34 3012 calcite Algyő 95,24 1,14 0,48 1,21 0,32 98,39 
K1 KV1/3 an 41 3012 calcite Algyő 95,60 1,00 0,43 1,26 0,18 98,47 
K1 KV1/3 an 42 3012 calcite Algyő 94,96 1,02 0,51 1,12 0,34 97,95 
K1 KV1/3 an 43 3012 calcite Algyő 95,87 0,94 0,51 1,19 0,32 98,83 
K1 KV2/12 an3 3041 calcite Algyő 95,23 0,92 0,36 1,54 0,14 98,19 
K1 KV2/12 an5 3043 calcite Algyő 92,03 0,81 0,49 2,17 0,21 95,71 
K1 KV2/12 an8 3046 calcite Algyő 92,69 0,59 0,91 2,11 0,22 96,52 
K1 KV2/12 an15 3050 calcite Algyő 99,07 0,04 0,65 0,64 0,21 100,62 
K1 KV2/12 an16 3051 calcite Algyő 97,82 0,05 0,40 0,72 0,00 98,99 
K1 KV2/12 an17 3052 calcite Algyő 95,85 0,14 0,78 0,59 0,20 97,56 
K1 KV2/5 an 16 3036 calcite Algyő 100,05 0,07 0,22 0,13 0,00 100,51 
K1 KV2/5 an 18 3036 calcite Algyő 97,23 0,69 0,69 1,20 0,23 100,05 
K1 KV2/5 an 19 3036 calcite Algyő 93,11 0,29 0,50 1,21 0,23 95,35 
Mcs1 88 an 65 4060 calcite Endrőd 99,23 0,17 0,66 1,05 0,15 101,27 
Mcs1 88 an 66 4060 calcite Endrőd 92,00 1,15 0,84 2,99 0,04 97,02 
Mcs1 88 an 67 4060 calcite Endrőd 100,10 0,07 1,04 1,13 0,11 103,34 
Mcs1 88 an 69 4060 calcite Endrőd 94,96 0,31 0,69 1,91 0,13 98,01 
Mcs1 88 an 70 4060 calcite Endrőd 96,86 1,40 0,95 3,33 0,11 102,66 
Mcs1 88 an 73 4060 calcite Endrőd 92,21 1,30 1,05 3,26 0,12 97,94 
Mcs1 88 an 74 4060 calcite Endrőd 97,91 0,00 2,01 0,13 0,12 100,17 
Mcs1 88 an 75 4060 calcite Endrőd 97,31 0,11 0,19 0,23 0,08 97,92 
Mcs1 88 an 76 4060 calcite Endrőd 95,54 0,38 0,71 1,45 0,38 98,46 
M7 61 an 1 4759 calcite Endrőd 97,25 0,00 0,88 0,10 0,05 98,28 
M7 61 an 10 4759 calcite Endrőd 97,34 0,38 0,86 1,47 0,39 100,43 
M7 26 an 2 5427 calcite Endrőd 92,22 0,10 1,25 0,85 0,67 95,09 
M7 26 an 3 5427 calcite Endrőd 93,29 0,02 1,05 0,68 0,68 95,73 
M7 26 an 15 5427 calcite Endrőd 94,55 0,14 1,04 0,85 0,68 97,26 
Mcs1 88 an 63 4060 calcite Endrőd 97,17 0,02 1,14 0,10 0,14 98,56 
Mcs1 88 an 64 4060 calcite Endrőd 97,44 0,06 1,61 0,10 0,12 99,31 
Mcs1 88 an 68 4060 calcite Endrőd 100,05 0,05 0,99 0,11 0,16 101,88 
M7 61 an 3 4759 calcite Endrőd 95,13 1,63 1,21 3,08 0,06 101,11 
 
  

















M7 61 an 4 4759 calcite Endrőd 90,92 1,24 1,10 2,96 0,12 96,33 
M7 61 an 8 4759 calcite Endrőd 92,87 0,78 0,50 1,80 0,14 96,10 
M7 61 an 9 4759 calcite Endrőd 93,43 0,98 0,72 2,76 0,24 98,13 
M7 27 an 1 5471 calcite Endrőd 99,28 0,32 0,43 0,63 0,23 100,90 
M7 27 an 2 5471 calcite Endrőd 96,99 0,05 2,75 1,15 0,65 101,59 
M7 27 an 3 5471 calcite Endrőd 98,03 0,01 2,91 1,05 0,40 102,39 
M7 27 an 5 5471 calcite Endrőd 94,62 0,20 2,89 1,34 0,47 99,52 
M6 1 an 1 5049 calcite Endrőd 94,89 0,11 1,40 0,31 0,11 96,82 
M6 1 an 2 5049 calcite Endrőd 92,20 0,20 1,01 0,97 0,18 94,55 
M6 1 an 3 5049 calcite Endrőd 97,34 0,23 1,88 0,19 0,08 99,72 
M6 1 an 4 5049 calcite Endrőd 95,16 0,31 1,04 1,19 0,10 97,80 
M6 1 an 12 5049 calcite Endrőd 93,91 0,16 1,00 0,88 0,10 96,05 
M6 1 an 13 5049 calcite Endrőd 91,92 0,35 1,05 2,23 0,07 95,63 
M6 1 an 14 5049 calcite Endrőd 95,69 0,21 1,19 1,09 0,06 98,24 
M7 26 an 1 5427 calcite Endrőd 88,26 0,02 3,32 0,72 0,26 92,57 
M7 26 an 4 5427 calcite Endrőd 88,79 0,05 4,79 0,65 0,18 94,45 
M7 26 an 8 5427 calcite Endrőd 84,84 0,10 5,26 0,76 0,21 91,17 
M7 26 an 16 5427 calcite Endrőd 87,65 0,07 6,17 1,44 0,49 95,82 
M7 26 an 17 5427 calcite Endrőd 93,30 0,00 1,01 0,38 0,24 94,93 
M7 26 an 18 5427 calcite Endrőd 85,49 0,13 3,99 0,81 0,27 90,69 
M7 26 an 23 5427 calcite Endrőd 89,15 0,07 4,03 0,80 0,23 94,28 
M7 26 an 28 5427 calcite Endrőd 91,82 0,06 3,95 0,77 0,26 96,85 
M7 26 an 29 5427 calcite Endrőd 91,75 0,12 3,06 0,76 0,21 95,90 
M7 26 an 33 5427 calcite Endrőd 84,96 0,08 4,05 0,85 0,30 90,23 
M7 26 an 34 5427 calcite Endrőd 80,62 0,12 5,47 1,88 0,15 88,25 
M7 26 an 36 5427 calcite Endrőd 85,54 0,10 7,82 0,40 0,06 93,91 
M7 26 an 37 5427 calcite Endrőd 89,97 0,01 5,03 0,53 0,17 95,71 
Mcs1 88 an 72 4060 calcite Endrőd 100,30 0,11 0,70 0,32 0,12 101,52 
Mcs1 88 an 77 4060 calcite Endrőd 90,11 1,29 1,05 3,22 0,07 95,73 
M6 25 an 1 4553 calcite Endrőd 99,93 0,25 0,96 0,93 0,12 102,19 
M6 25 an 2 4553 calcite Endrőd 93,27 0,90 1,18 2,41 0,31 98,07 
M6 25 an 3 4553 calcite Endrőd 94,50 0,40 0,66 1,34 0,11 97,01 
M6 25 an 4 4553 calcite Endrőd 93,05 0,13 1,41 2,37 0,40 97,37 






















M6 25 an 6 4553 calcite Endrőd 90,81 1,59 0,89 2,59 0,06 95,95 
M6 25 an 7 4553 calcite Endrőd 90,59 1,73 1,08 3,25 0,04 96,68 
M6 4 an 1 4313 calcite Szolnok 95,21 0,08 1,15 0,06 0,23 96,72 
M6 4 an 2 4313 calcite Szolnok 93,90 0,10 0,55 1,01 0,29 95,85 
M6 4 an 4 4313 calcite Szolnok 95,89 0,12 0,86 0,09 0,08 97,03 
M6 4 an 9 4313 calcite Szolnok 101,05 0,51 0,66 0,68 0,32 103,22 
M6 4 an 12 4313 calcite Szolnok 92,75 0,58 0,54 0,75 0,24 94,86 
M7 
13 an 2 
bright 3410 calcite Szolnok 99,60 0,29 0,49 0,46 0,38 101,21 
M7 
13 an 3 
bright 3410 calcite Szolnok 92,07 0,71 1,70 2,01 0,00 96,49 
M7 
69 an 5 Re 
dull o 3421 calcite Szolnok 92,25 0,44 1,62 2,26 0,23 96,80 
Mcs1 82 an 1 3602 calcite Szolnok 95,41 1,17 0,81 2,21 0,25 99,84 
Mcs1 82 an 3 3602 calcite Szolnok 97,69 0,93 0,77 2,24 0,26 101,90 
Mcs1 82 an 4 3602 calcite Szolnok 97,91 1,26 0,88 2,66 0,26 102,97 
Mcs1 82 an 7 3602 calcite Szolnok 93,02 1,08 0,71 2,26 0,21 97,28 
Mcs1 82 an 8 3602 calcite Szolnok 92,44 1,23 0,87 2,65 0,24 97,43 
Mcs1 82 an 11 3602 calcite Szolnok 94,04 1,05 0,76 2,34 0,31 98,50 
Mcs1 82 an 15 3602 calcite Szolnok 96,69 0,27 1,03 1,56 0,25 99,81 
Mcs1 82 an 17 3602 calcite Szolnok 102,10 0,00 0,06 0,13 0,47 103,48 
Szk1 30 an 4 3035 calcite Szolnok 97,12 1,54 0,74 1,63 0,28 101,32 
Szk1 30 an 9 3035 calcite Szolnok 96,67 1,62 0,85 2,62 0,30 102,07 
M7 
69 an 6 Re 
bright o 3421 calcite Szolnok 98,74 0,34 0,50 1,56 0,41 101,55 
M6 4 an 5 4313 calcite Szolnok 93,84 0,15 2,98 1,55 0,16 98,69 
M6 4 an 7 4313 calcite Szolnok 93,74 0,29 0,50 0,87 0,15 95,54 
M6 4 an 10 4313 calcite Szolnok 100,80 0,09 0,80 0,10 0,00 101,83 
M6 4 an 11 4313 calcite Szolnok 93,30 0,85 0,61 0,88 0,34 95,97 
M6 4 an 16 4313 calcite Szolnok 98,00 0,10 0,00 0,11 0,38 98,60 
M6 4 an 19 4313 calcite Szolnok 100,70 0,02 0,45 0,07 0,05 101,29 
M6 4 an 21 4313 calcite Szolnok 97,72 0,67 1,08 1,49 0,07 101,02 
M7 
13 an 1 
bright 3410 calcite Szolnok 97,83 0,22 1,00 1,14 0,09 100,27 
M7 43 an 13 4103 calcite Szolnok 98,22 0,12 0,34 0,69 0,24 99,61 
M7 43 an 21 4103 calcite Szolnok 97,48 0,08 0,64 0,09 0,04 98,32 
M7 43 an 28 4103 calcite Szolnok 100,08 0,00 0,15 0,17 0,00 101,39 
M7 43 an 51 4103 calcite Szolnok 100,70 0,08 0,10 0,01 0,01 100,88 






















Mcs1 82 an 2 3602 calcite Szolnok 97,15 0,54 0,05 0,33 0,00 98,06 
Mcs1 82 an 5 3602 calcite Szolnok 97,39 0,07 0,12 0,17 0,44 98,18 
Mcs1 82 an 6 3602 calcite Szolnok 97,49 0,45 0,37 0,52 0,14 98,96 
Mcs1 82 an 14 3602 calcite Szolnok 98,79 0,08 0,80 1,15 0,17 100,99 
Mcs1 82 an 16 3602 calcite Szolnok 97,14 0,09 0,75 0,19 0,16 98,33 
Szk1 30 an 3 3035 calcite Szolnok 99,14 0,00 0,31 0,12 0,08 99,65 
Szk1 30 an 5 3035 calcite Szolnok 98,66 0,00 0,51 0,09 0,36 99,61 
Szk1 30 an 8 3035 calcite Szolnok 96,22 0,03 0,00 0,05 0,73 97,02 
Szk1 30 an 10 3035 calcite Szolnok 97,40 0,35 1,45 2,07 0,22 101,49 
Szk1 30 an 13 3035 calcite Szolnok 97,35 0,06 0,65 0,10 0,06 98,22 
Szk1 30 an 14 3035 calcite Szolnok 96,47 0,06 0,17 0,47 0,48 97,64 
M6 4 an 6 4313 calcite Szolnok 93,71 0,87 0,50 0,88 0,04 96,00 
M6 4 an 8 4313 calcite Szolnok 94,27 0,57 1,02 2,15 0,29 98,30 
M6 4 an 14 4313 calcite Szolnok 98,37 0,02 0,85 0,08 0,01 99,33 
M6 4 an 15 4313 calcite Szolnok 99,57 1,05 0,74 0,69 0,14 102,19 
M6 4 an 20 4313 calcite Szolnok 96,86 0,12 0,51 0,04 0,05 97,58 
M6 4 an 22 4313 calcite Szolnok 97,59 0,78 0,18 0,11 0,02 98,68 
M6 4 an 24 4313 calcite Szolnok 93,33 0,18 1,16 1,37 0,39 96,43 
M6 4 an 25 4313 calcite Szolnok 95,40 0,06 3,07 0,58 0,20 99,31 
M7 
13 an 4 
bright 3410 calcite Szolnok 97,37 0,09 0,45 0,63 0,12 98,66 
M7 13 an 5 dull 3410 calcite Szolnok 98,54 0,01 0,60 0,26 0,26 99,68 
M7 13 an 7 3410 calcite Szolnok 92,84 1,09 0,71 2,60 0,40 97,64 
M7 69 an 7 3421 calcite Szolnok 96,10 0,09 0,74 0,70 0,59 98,21 
M7 43 an 12 4103 calcite Szolnok 96,56 0,62 1,17 2,11 0,15 100,61 
M7 43 an 14 4103 calcite Szolnok 94,30 0,59 1,12 2,22 0,17 98,40 
M7 43 an 15 4103 calcite Szolnok 94,91 0,08 1,29 0,19 0,04 96,51 
M7 43 an 16 4103 calcite Szolnok 93,90 0,43 1,17 2,16 0,16 97,82 
M7 43 an 18 4103 calcite Szolnok 94,11 0,77 0,81 1,97 0,25 97,92 
M7 43 an 22 4103 calcite Szolnok 97,87 0,63 1,07 2,00 0,17 101,73 
M7 43 an 27 4103 calcite Szolnok 96,77 0,60 1,00 2,20 0,17 100,74 
M7 43 an 29 4103 calcite Szolnok 96,23 0,56 1,15 2,26 0,20 100,41 
M7 43 an 30 4103 calcite Szolnok 98,11 0,11 0,79 0,41 0,22 99,64 
M7 43 an 47 4103 calcite Szolnok 97,13 0,69 0,55 1,17 0,52 100,06 






















M7 43 an 49 4103 calcite Szolnok 94,60 0,92 0,71 2,04 0,22 98,49 
M7 43 an 50 4103 calcite Szolnok 94,51 0,92 0,88 2,37 0,23 98,92 
M7 43 an 53 4103 calcite Szolnok 96,39 0,09 0,69 1,43 0,27 98,87 
M7 43 an 54 4103 calcite Szolnok 94,49 0,76 0,84 2,40 0,06 98,55 
M7 43 an 58 4103 calcite Szolnok 98,03 0,86 0,43 0,91 0,36 100,58 
Szk1 30 an 1 3035 calcite Szolnok 95,96 0,13 0,72 1,39 0,32 98,52 
Szk1 30 an 2 3035 calcite Szolnok 87,52 0,44 0,66 0,90 0,08 89,60 
Szk1 30 an 6 3035 calcite Szolnok 95,27 0,88 0,47 1,49 0,00 98,11 
Szk1 30 an 7 3035 calcite Szolnok 96,23 0,01 0,63 1,09 0,67 98,63 
Mcs1 77 an 1 3601 calcite Szolnok 96,22 0,00 1,11 0,18 0,09 97,61 
Mcs1 77 an 2 3601 calcite Szolnok 100,90 0,00 1,18 0,20 0,11 102,40 
Mcs1 77 an 3 3601 calcite Szolnok 97,58 0,13 1,32 0,25 0,09 99,37 
Mcs1 77 an 4 3601 calcite Szolnok 98,29 0,04 0,95 0,16 0,13 99,58 
Mcs1 77 an 5 3601 calcite Szolnok 95,94 0,09 1,20 0,21 0,05 97,48 
Mcs1 77 an 6 3601 calcite Szolnok 93,09 0,03 1,34 0,49 0,07 95,03 
Mcs1 77 an 7 3601 calcite Szolnok 96,88 0,09 1,21 0,22 0,10 98,51 
K1 KV2/5 an 20 3036 calcite Algyő 96,85 0,18 0,77 1,31 0,46 99,56 
M7 69 an 12 3421 calcite Szolnok 99,27 0,51 0,58 1,65 0,25 102,26 
M7 69 an 12 RE 3421 calcite Szolnok 96,43 0,48 0,57 1,64 0,17 99,29 
M7 69 an 15 3421 calcite Szolnok 94,51 0,00 0,42 0,81 0,26 96,00 
M7 69 an 11 3421 calcite Szolnok 93,47 0,54 0,61 1,40 0,23 96,25 
M7 69 an 13 3421 calcite Szolnok 97,14 0,19 1,71 0,27 0,17 99,48 
























11 2744 dolomite Algyő 53,64 0,12 45,32 0,26 0,00 99,34 
K1 K2/26 an 8 3051 dolomite Algyő 55,03 0,02 44,68 0,12 0,05 99,90 
K1 K1/13 an 10 3021 dolomite Algyő 54,28 0,07 44,22 0,28 0,00 98,84 
K1 K1/13 an 15 3021 dolomite Algyő 57,08 0,06 40,26 0,25 0,02 97,67 
K1 K1/13 an 16 3021 dolomite Algyő 55,17 0,05 44,83 0,22 0,00 100,28 
K1 K1/13 an 18 3021 dolomite Algyő 54,51 0,02 44,74 0,08 0,00 99,35 
K1 KV1/3 an 35 3012 dolomite Algyő 55,48 0,05 42,19 0,12 0,00 97,85 
K1 KV1/3 an 36 3012 dolomite Algyő 53,15 0,17 43,33 0,66 0,00 97,32 
K1 KV2/5 an 12 3036 dolomite Algyő 55,00 0,00 45,98 0,09 0,09 101,16 
K1 KV2/5 an 17 3036 dolomite Algyő 53,66 0,00 44,85 0,17 0,06 98,74 
M7 26 an 6 5427 dolomite Endrőd 51,74 0,10 34,81 5,56 0,13 92,33 
M7 26 an 7 5427 dolomite Endrőd 54,09 0,00 42,29 0,92 0,03 97,33 
M7 26 an 19 5427 dolomite Endrőd 54,45 0,49 38,56 6,85 0,05 100,40 
M7 26 an 21 5427 dolomite Endrőd 61,34 0,45 40,05 0,31 0,03 102,17 
M7 26 an 22 5427 dolomite Endrőd 61,34 0,17 41,53 0,35 0,06 103,45 
M7 27 an 7 5471 dolomite Endrőd 57,86 0,01 41,88 0,33 0,01 100,08 
M7 27 an 6 5471 Fe-dol Endrőd 55,98 0,51 24,81 16,15 0,12 97,57 
M7 69 an 17 3421 dolomite Szolnok 54,69 0,09 43,13 0,06 0,08 98,05 
M7 69 an 20 3421 dolomite Szolnok 53,06 0,16 43,29 0,49 0,04 97,04 
M7 69 an 18 3421 dolomite Szolnok 53,67 0,18 42,65 0,43 0,07 97,00 
M7 69 an 9 3421 Fe-dol Szolnok 57,07 1,80 19,41 18,33 0,07 96,68 
M7 43 an 46 4103 dolomite Szolnok 54,08 0,00 44,98 0,16 0,06 99,28 
M7 43 an 26 4103 dolomite Szolnok 53,53 0,09 44,65 0,36 0,01 98,65 
M7 43 an 32 4103 dolomite Szolnok 53,79 0,07 44,44 0,05 0,03 98,38 
M7 43 an 57 4103 dolomite Szolnok 54,86 0,07 43,48 0,28 0,00 98,68 
M7 27 an 4 5471 dolomite Szolnok 57,86 0,20 33,62 1,49 0,00 93,16 
Mcs1 82 an 13 3602 dolomite Szolnok 54,62 0,03 45,05 0,26 0,01 99,98 






















K1 K2/26 an 7 3051 ankerite Algyő 57,75 1,00 20,99 18,49 0,02 98,25 
K1 K1/13 an 9 3021 ankerite Algyő 56,31 3,53 19,61 17,74 0,04 97,22 
K1 K1/13 an 11 3021 ankerite Algyő 56,52 1,56 20,79 19,08 0,09 98,04 
K1 K1/13 an 12 3021 ankerite Algyő 56,75 1,37 20,53 18,93 0,07 97,65 
K1 K1/13 an 13 3021 ankerite Algyő 56,21 1,48 23,67 17,22 0,06 98,64 
K1 K1/13 an 14 3021 ankerite Algyő 56,00 1,45 21,35 18,15 0,04 97,00 
K1 K1/13 an 17 3021 ankerite Algyő 56,42 1,43 21,46 18,16 0,05 97,53 
K1 KV2/5 an 8 3036 ankerite Algyő 57,05 2,32 23,41 14,46 0,01 97,24 
K1 KV2/5 an 10 3036 ankerite Algyő 57,75 1,76 25,13 12,79 0,03 97,46 
K1 KV2/5 an 11 3036 ankerite Algyő 56,58 1,53 28,51 12,77 0,00 99,39 
M6  1 an 10 5049 ankerite Endrőd 55,01 0,91 19,61 21,05 0,08 96,65 
M6  1 an 11 5049 ankerite Endrőd 51,59 2,22 22,11 19,67 0,02 95,61 
M7 61 an 5 4759 ankerite Endrőd 54,73 2,18 19,92 22,73 0,01 99,58 
M7 61 an 6 4759 ankerite Endrőd 51,94 1,55 24,41 19,77 0,03 97,70 
M7 26 an 5 5427 ankerite Endrőd 55,11 0,30 24,03 15,01 0,13 94,58 
M7 26 an 14 5427 ankerite Endrőd 53,36 0,32 26,26 13,29 0,14 93,37 
M7 26 an 20 5427 ankerite Endrőd 54,46 0,88 26,32 15,15 0,01 96,81 
M7 26 an 24 5427 ankerite Endrőd 52,85 0,30 24,36 20,93 0,13 98,57 
M7 69 an 21 3421 ankerite Szolnok 56,78 1,77 18,47 18,61 0,02 95,66 
M7 43 an 17 4103 ankerite Szolnok 60,56 1,07 24,47 14,32 0,00 100,41 
M7 43 an 19 4103 ankerite Szolnok 58,61 0,69 23,72 13,01 0,06 96,10 
M7 43 an 23 4103 ankerite Szolnok 60,79 1,00 24,17 14,18 0,02 100,16 
M7 43 an 24 4103 ankerite Szolnok 60,44 1,00 24,02 13,78 0,06 99,30 
M7 43 an 25 4103 ankerite Szolnok 62,33 0,78 23,57 13,21 0,04 99,94 
M7 43 an 44 4103 ankerite Szolnok 58,04 0,90 24,31 14,05 0,07 97,37 
M7 43 an 45 4103 ankerite Szolnok 58,55 1,04 24,26 14,44 0,07 98,37 
M7 43 an 55 4103 ankerite Szolnok 59,60 0,89 24,49 15,02 0,04 100,05 
M7 43 an 56 4103 ankerite Szolnok 60,22 0,77 23,75 14,52 0,03 99,29 
Mcs1 82 an 12 3602 ankerite Szolnok 57,03 4,24 16,29 19,80 0,10 97,46 
 
 
Appendix 5.  Stable isotope composition of calcite. 
 
Depth 
(m) Well Formation 





3019,94 K1 Algyő kv17 28,00 0,71 -6,97 
3020,94 K1 Algyő kv24 35,00 1,07 -5,58 
3020,25 K1 Algyő kv11 22,00 0,58 -7,56 
3020,92 K1 Algyő KV-1-13 EK11 1,41 -4,39 
3020,92 K1 Algyő KV-1-13 EK12 0,90 -4,67 
3020,92 K1 Algyő KV-1-13 EK13 0,31 -5,57 
3020,92 K1 Algyő KV-1-13 EK14 0,23 -8,59 
3020,92 K1 Algyő KV-1-13 EK15 1,12 -4,57 
3020,92 K1 Algyő KV-1-13 EK16 0,85 -5,30 
3023,59 K1 Algyő KV-1-24 EK17 1,05 -4,87 
3023,49 K1 Algyő kv16 27,00 0,75 -6,88 
3036,84 K1 Algyő KV-2-5 EK2 0,61 -7,42 
3036,84 K1 Algyő KV-2-5 EK4  1,90 -1,65 
3036,84 K1 Algyő KV-2-5 EK8 0,27 -8,14 
3036,84 K1 Algyő kv12 23,00 0,07 -9,79 
3039,24 K1 Algyő kv13 24,00 
-
0,09 -6,29 

























3056,43 K1 Algyő KV-2-26 EK19 
-
0,30 -9,25 
3056,43 K1 Algyő KV-2-26  EM42 0,55 -8,59 
3056,43 K1 Algyő KV-2-26  EM43 0,44 -8,58 
2743,75 B1 Algyő B1-123 EB20 0,19 -8,18 
2743,75 B1 Algyő B1-123 EP49 0,66 -7,05 
2743,75 B1 Algyő B1-123 EP50 0,42 -7,36 
2744,60 B1 Algyő B1-124 EB3 
-
0,21 -8,98 
2744,60 B1 Algyő B1-124 Eb5 0,04 -8,61 
















4310 M6 Szolnok m6c1a 3,00 -0,37 -10,29 
4310 M6 Szolnok m6c1b 4,00 -0,43 -10,04 
5050 M6 Endrőd m6c3a 7,00 0,25 -9,49 
5050 M6 Endrőd m6c3b 8,00 -1,09 -9,89 
5050 M6 Endrőd mc63c 9,00 0,51 -9,35 
3412,96 M7 Szolnok 16 E11 1,73 -5,55 
3412,96 M7 Szolnok 16 E12 0,93 -6,68 
3412,96 M7 Szolnok 16 E13 1,07 -6,72 
3421,22 M7 Szolnok 69 E9 0,59 -8,68 
3420,52 M7 Szolnok m768a 16,00 1,26 -5,20 
3421,52 M7 Szolnok m768b 17,00 1,28 -5,08 
3422,52 M7 Szolnok m768c 18,00 1,11 -5,28 
3426,60 M7 Szolnok M7-C2-75  EM40 0,35 -4,49 
3426,60 M7 Szolnok M7-c2-75  EM41 0,20 -5,10 
4099,45 M7 Szolnok 39 
E15 0,98 -8,35 
4099,45 M7 Szolnok 39 E16 0,57 -8,55 
4099,45 M7 Szolnok 39 E17 0,94 -8,71 
  M7 Szolnok 39 E18 0,67 -9,17 
  M7 Szolnok m739a 29,00 0,67 -8,97 
4099,45 M7 Szolnok m744a 34,00 0,78 -8,59 
4099,45 M7 Szolnok M7-46 EM21 0,74 -7,07 
4103,49 M7 Szolnok m743b 19,00 0,75 -8,87 
4088,95 M7 Szolnok 48 E5 1,42 -7,38 
4088,95 M7 Szolnok 48 E6 1,32 -6,83 
4759,4 M7 Endrőd m761a 33,00 0,48 -8,59 
4760,8 M7 Endrőd m761a E23 1,02 -7,53 
4760,8 M7 Endrőd m761a 
E24 1,06 -7,44 
4760,8 M7 Endrőd m761a E25 1,13 -7,29 
4760,8 M7 Endrőd m761a E26 1,05 -7,36 
5470,26 M7 Endrőd 
M7-c6-106 
sand EM39 2,65 -9,60 
5472,65 M7 Endrőd m727a 1,00 1,34 -9,63 
5472,65 M7 Endrőd m727b 2,00 1,11 -9,62 
5472,65 M7 Endrőd m727a 20,00 2,44 -9,58 












3601,2 Mcs1 Szolnok mcs77a 31,00 1,75 -9,10 
3602,45 Mcs1 Szolnok 
78 E32 1,2 -6,13 
3602,45 Mcs1 Szolnok 
78 E33 1,11 -6,17 
3602,45 Mcs1 Szolnok 78 E34 1,04 -6,31 
3602,45 Mcs1 Szolnok 78 E35 1,17 -5,99 
3602,12 Mcs1 Szolnok 82 E22 0,55 -9,92 
3602,12 Mcs1 Szolnok 82 E19 0,63 -11,42 
3602,12 Mcs1 Szolnok 
82 E20 1,12 -6,25 
3602,12 Mcs1 Szolnok 82 E21 0,63 -10,98 
3602,12 Mcs1 Szolnok mcs82a 30,00 0,75 -6,98 
4060,4 Mcs1 Endrőd 
88 E27 1,29 -7,45 
4060,4 Mcs1 Endrőd 88 E28 1,08 -7,84 
4060,4 Mcs1 
Endrőd 
88 E29 1,04 -8,36 
4060,4 Mcs1 
Endrőd 
88 E30 1,08 -7,76 
4060,4 Mcs1 
Endrőd 
88 E31 1,02 -8,13 
4061,85 Mcs1C2 
Endrőd 
mcs98c1 10,00 -1,23 -10,03 
4061,85 Mcs1C2 
Endrőd 
mcs98c1 11,00 -0,71 -4,45 
4061,85 Mcs1C2 
Endrőd 
mcs98c1 13,00 -0,45 -5,42 
4061,85 Mcs1C2 
Endrőd 
mcs98c1 14,00 0,83 -7,81 
4061,85 Mcs1C2 
Endrőd 
mcs98c1 15,00 1,57 -8,28 
 
  
Appendix 6- Stable isotope data from other publications 





1780.5 Szolnok, porefilling calcite -1,1 -12,14 Juhaszetal,2002 
1780.5 
Szolnok, porefilling calcite 
-0,48 -9,94 Juhaszetal,2002 
1782 
Szolnok, porefilling calcite 
-2,5 -15,95 Juhaszetal,2002 
1474,9 
Szolnok, porefilling calcite 
0,18 -6,92 Juhaszetal,2002 
1254,5 
Szolnok, porefilling calcite 
-3,52 -14,47 Juhaszetal,2002 
1595,5 
Szolnok, porefilling calcite 
-0,52 -7,14 Juhaszetal,2002 
1596 
Szolnok, porefilling calcite 
1,03 -4,43 Juhaszetal,2002 
1611 
Szolnok, porefilling calcite 
-1,29 -8,62 Juhaszetal,2002 
1614 
Szolnok, porefilling calcite 
0,29 -5,67 Juhaszetal,2002 
1584 
Szolnok, porefilling calcite 
-0,85 -6,13 Juhaszetal,2002 
1629 
Szolnok, porefilling calcite 
0,62 -5,82 Juhaszetal,2002 
1560 
Szolnok, porefilling calcite 
0,87 -5,29 Juhaszetal,2002 
1776 
Szolnok, porefilling calcite 
-0,49 -10,29 Juhaszetal,2002 
1917 
Szolnok, porefilling calcite 
-0,1 -6,05 Juhaszetal,2002 
1453 
Szolnok, porefilling calcite 
0,16 -5,98 Juhaszetal,2002 
1451 
Szolnok, porefilling calcite 
-0,47 -6,23 Juhaszetal,2002 
1452 
Szolnok, porefilling calcite 
-0,96 -8,31 Juhaszetal,2002 
1589 
Szolnok, porefilling calcite 
-0,26 -6,58 Juhaszetal,2002 
1613 
Szolnok, porefilling calcite 
-2,23 -13,98 Juhaszetal,2002 
1602 
Szolnok, porefilling calcite 
-1,77 -12,3 Juhaszetal,2002 
1605 
Szolnok, porefilling calcite 
-0,61 -7,68 Juhaszetal,2002 
1654 
Szolnok, porefilling calcite 
0,4 -5,76 Juhaszetal,2002 
1735 
Szolnok, porefilling calcite 
-0,39 -8,15 Juhaszetal,2002 
1737 
Szolnok, porefilling calcite 
0,53 -4,36 Juhaszetal,2002 
1648 
Szolnok, porefilling calcite 
-0,66 -8,73 Juhaszetal,2002 
1710 
Szolnok, porefilling calcite 
0,26 -6,23 Juhaszetal,2002 
1590 
Szolnok, porefilling calcite 
-0,88 -12,17 Juhaszetal,2002 
1592 
Szolnok, porefilling calcite 
0,41 -7,19 Juhaszetal,2002 
1690 Békés, pore filling calcite 0,61 -11,36 Juhaszetal,2002 
1692 
Békés, pore filling calcite 
-0,91 -11,13 Juhaszetal,2002 
1692 
Békés, pore filling calcite 
0,78 -12,39 Juhaszetal,2002 
1724 
Békés, pore filling calcite 
1,44 -8,08 Juhaszetal,2002 
1803 
Békés, pore filling calcite 
-0,36 -7,35 Juhaszetal,2002 
1804 
Békés, pore filling calcite 
-0,65 -12,51 Juhaszetal,2002 
1818 
Békés, pore filling calcite 
-0,82 -9,66 Juhaszetal,2002 
1827 
Békés, pore filling calcite 
0,66 -10,48 Juhaszetal,2002 
1188 
Békés, pore filling calcite 
0,11 -10,13 Juhaszetal,2002 
1191 
Békés, pore filling calcite 
-1,25 -14,3 Juhaszetal,2002 
1071 
Békés, pore filling calcite 
2,51 -7,42 Juhaszetal,2002 
1082 
Békés, pore filling calcite 
-2,23 -12,29 Juhaszetal,2002 
1014 
Békés, pore filling calcite 
2,91 -8,74 Juhaszetal,2002 
 
  






Békés, pore filling calcite 
2,64 -8,86 Juhaszetal,2002 
1012 
Békés, pore filling calcite 
2,21 -4,8 Juhaszetal,2002 
1756 
Békés, pore filling calcite 
-3,92 -15,74 Juhaszetal,2002 
1803 
Békés, pore filling calcite 
-1,64 -12,94 Juhaszetal,2002 
1807 
Békés, pore filling calcite 
0,7 -10,09 Juhaszetal,2002 
1807 
Békés, pore filling calcite 
-0,14 -13,4 Juhaszetal,2002 
1901 
Békés, pore filling calcite 
-0,99 -10,03 Juhaszetal,2002 
  Benthic mollusc -2,69 -4,24 Mátyásetal,1996 
  Benthic mollusc -1,91 -2,09 Mátyásetal,1996 
  Benthic mollusc -1,49 -2,04 Mátyásetal,1996 
  Benthic mollusc 3,04 0,17 Mátyásetal,1996 
  Benthic mollusc 1,06 -0,21 Mátyásetal,1996 
  Benthic mollusc 2,19 0,17 Mátyásetal,1996 
  Benthic mollusc 0,97 0,52 Mátyásetal,1996 
  Benthic mollusc 2,64 -1,8 Mátyásetal,1996 
  Benthic mollusc 0,94 -2,06 Mátyásetal,1996 
  Benthic mollusc 3,22 -2,19 Mátyásetal,1996 
  Benthic mollusc 1,18 0,53 Mátyásetal,1996 
  Benthic mollusc 1,41 -2,27 Mátyásetal,1996 
  Benthic mollusc 2,5 -0,14 Mátyásetal,1996 
  Benthic mollusc 2,4 -0,56 Mátyásetal,1996 
  Benthic mollusc 2,56 -1,02 Mátyásetal,1996 
  Melanopsid -0,41 -2,78 Geary, 1989 
  Melanopsid 0,07 -2,66 Geary, 1989 
  Melanopsid 0,58 -1,53 Geary, 1989 
  Melanopsid 0,55 1,55 Geary, 1989 
  Melanopsid 1,38 -1,01 Geary, 1989 








Melanopsid 0,77 -1,64 Geary, 1989 
Melanopsid 0,35 -2,8 Geary, 1989 
Melanopsid 0,53 -2,46 Geary, 1989 
Melanopsid 0,39 -2,96 Geary, 1989 
Melanopsid 0,98 -1,67 Geary, 1989 
Melanopsid 2,09 -1,41 Geary, 1989 
Melanopsid 0,7 -1,45 Geary, 1989 
Melanopsid 2,04 -2,08 Geary, 1989 
Melanopsid 1,35 -2,22 Geary, 1989 
Melanopsid 1,62 -1,67 Geary, 1989 
Melanopsid 1,21 -2,87 Geary, 1989 
Melanopsid 1,51 -2,81 Geary, 1989 
Melanopsid 1,28 -2,72 Geary, 1989 
Melanopsid 2,72 -2,35 Geary, 1989 
Melanopsid 1,96 -2,26 Geary, 1989 
Melanopsid 2,14 -2,14 Geary, 1989 
Melanopsid 1,43 -2,95 Geary, 1989 
Melanopsid 1,43 -2,51 Geary, 1989 
Melanopsid 0,28 -1,75 Geary, 1989 
Melanopsid 1,23 -2,45 Geary, 1989 
Melanopsid 1,26 -2,13 Geary, 1989 
Melanopsid 0,04 -2,15 Geary, 1989 
diagenetic calcite 0,08 -8,34 Mátyás and Matter, 1997 
diagenetic calcite -0,46 -11,88 Mátyás and Matter, 1997 
diagenetic calcite -0,18 -8,37 Mátyás and Matter, 1997 
diagenetic calcite 0,16 -6,15 Mátyás and Matter, 1997 
diagenetic calcite -0,57 -11,83 Mátyás and Matter, 1997 
diagenetic calcite -0,2 -8,38 Mátyás and Matter, 1997 
diagenetic calcite -0,26 -9,17 Mátyás and Matter, 1997 
diagenetic calcite -0,29 -10,89 Mátyás and Matter, 1997 
diagenetic calcite -0,02 -7,17 Mátyás and Matter, 1997 
diagenetic calcite -0,5 -10,84 Mátyás and Matter, 1997 
diagenetic calcite -0,19 -8,58 Mátyás and Matter, 1997 
diagenetic calcite -0,4 -10,87 Mátyás and Matter, 1997 
diagenetic calcite -0,87 -9,8 Mátyás and Matter, 1997 
diagenetic calcite -0,22 -8,87 Mátyás and Matter, 1997 
diagenetic calcite -1,26 -13,73 Mátyás and Matter, 1997 
diagenetic calcite -0,11 -10,3 Mátyás and Matter, 1997 








diagenetic calcite 0,14 -10,19 Mátyás and Matter, 1997 
diagenetic calcite -0,04 -9,31 Mátyás and Matter, 1997 
diagenetic calcite -1,25 -10,96 Mátyás and Matter, 1997 
diagenetic calcite -2,07 -11,24 Mátyás and Matter, 1997 
diagenetic calcite -0,46 -6,75 Mátyás and Matter, 1997 
diagenetic calcite -0,43 -14,41 Mátyás and Matter, 1997 
diagenetic calcite -0,24 -12,72 Mátyás and Matter, 1997 
diagenetic calcite 0,13 -7,63 Mátyás and Matter, 1997 
diagenetic calcite -0,61 -13,12 Mátyás and Matter, 1997 
diagenetic calcite -2,48 -14,4 Mátyás and Matter, 1997 
diagenetic calcite -1,6 -7,55 Mátyás and Matter, 1997 
diagenetic calcite -2,92 -14,52 Mátyás and Matter, 1997 
diagenetic calcite -3,7 -15,53 Mátyás and Matter, 1997 
diagenetic calcite -0,16 -10,76 Mátyás and Matter, 1997 
diagenetic calcite -0,96 -9,01 Mátyás and Matter, 1997 
diagenetic calcite -2,49 -13,15 Mátyás and Matter, 1997 
diagenetic calcite 0,24 -7,27 Mátyás and Matter, 1997 
diagenetic calcite -0,78 -8,24 Mátyás and Matter, 1997 
diagenetic calcite -2,79 -13,26 Mátyás and Matter, 1997 
diagenetic calcite -2,09 -11,54 Mátyás and Matter, 1997 
diagenetic calcite -0,33 -9,08 Mátyás and Matter, 1997 
diagenetic calcite -1,59 -10,32 Mátyás and Matter, 1997 
diagenetic calcite -1,12 -7,87 Mátyás and Matter, 1997 
diagenetic calcite -0,37 -8,36 Mátyás and Matter, 1997 
diagenetic calcite -0,68 -10,51 Mátyás and Matter, 1997 
diagenetic calcite 0,3 -8,84 Mátyás and Matter, 1997 
diagenetic calcite 0,76 -6,72 Mátyás and Matter, 1997 
diagenetic calcite -0,08 -7,39 Mátyás and Matter, 1997 
diagenetic calcite -0,16 -7,44 Mátyás and Matter, 1997 
diagenetic calcite 0,54 -6,13 Mátyás and Matter, 1997 
diagenetic calcite 0,27 -7,74 Mátyás and Matter, 1997 
diagenetic calcite 0,29 -10,96 Mátyás and Matter, 1997 
diagenetic calcite 0,49 -8,16 Mátyás and Matter, 1997 
diagenetic calcite 0,63 -7,89 Mátyás and Matter, 1997 
diagenetic calcite -0,2 -11,59 Mátyás and Matter, 1997 
diagenetic calcite 0,35 -8,56 Mátyás and Matter, 1997 
diagenetic calcite 0,24 -9,06 Mátyás and Matter, 1997 
diagenetic calcite 0,67 -7,8 Mátyás and Matter, 1997 
diagenetic calcite 0,32 -8,4 Mátyás and Matter, 1997 
diagenetic calcite 0,49 -6,99 Mátyás and Matter, 1997 
diagenetic calcite 0,93 -8,1 Mátyás and Matter, 1997 








initial pore water  
2,1 
0,4 Mátyás et al, 1996 
initial pore water  
2,5 
-2 Mátyás et al, 1996 
initial pore water  
1,2 
-2,8 Mátyás et al, 1996 
initial pore water  
2,7 
-3,5 Mátyás et al, 1996 
initial pore water  
2,5 
-3,6 Mátyás et al, 1996 
meteor model 
-6,1 



















































1 an 5 M6 Endrőd 5049 Ab 0,10 0,07 0,00 0,02 11,28 0,00 19,37 66,66 0,03 0,03 0,10 0,00 0,00 97,65 
1 an 6 M6 Endrőd 5049 Ab 0,25 0,04 0,01 0,00 10,95 0,00 19,17 66,44 0,00 0,03 0,05 0,06 0,12 97,12 
13 an 6 M7 Szolnok 3410 Ano  0,79 0,40     10,67 0,02 20,39 68,84     0,07 0,02 0,00 101,21 
13 an 7 M7 Szolnok 3410 And 3,56 0,18     9,40 0,02 22,68 64,77     0,18 0,00 0,03 100,82 
26 an 10 M7 Endrőd 5471 Ol  1,51 0,06 0,01 0,00 10,91 0,00 20,58 66,03 0,00 0,04 0,10 0,03 0,00 99,25 
26 an 13 M7 Endrőd 5471 Ab 0,15 0,05 0,00 0,00 11,63 0,00 20,09 68,18 0,00 0,07 0,13 0,04 0,12 100,46 
26 an 25 
M7 
Endrőd 5471 Ol  1,58 0,08 0,00 0,00 10,67 0,01 21,00 67,76 0,00 0,00 0,17 0,03 0,19 101,48 
26 an 26 
M7 
Endrőd 5471 Ab 0,52 0,06 0,00 0,00 11,12 0,00 19,96 67,61 0,00 0,02 0,07 0,02 0,03 99,41 
26 an 35 
M7 
Endrőd 5471 Ol  1,36 0,07 0,01 0,00 10,61 0,02 20,98 66,24 0,00 0,06 0,12 0,04 0,00 99,49 
26 an 9 
M7 
Endrőd 5471 Ab 0,19 0,05 0,00 0,00 11,43 0,00 19,69 67,90 0,00 0,00 0,10 0,02 0,03 99,40 
30 an12 Szk1 Szolnok 3035 Ab 0,17 0,05 0,00 0,00 11,32 0,00 19,50 67,64 0,00 0,02 0,06 0,04 0,04 98,88 
4 an 17 M6 Szolnok 4313 Ab 0,17 0,11 0,04 0,00 11,23 0,00 19,73 67,45 0,04 0,05 0,13 0,05 0,00 99,09 
4 an 18 M6 Szolnok 4313 San  0,00 16,68 0,02 0,01 0,18 0,00 18,52 64,09 0,05 0,03 0,04 0,00 0,00 99,70 
4 an 27 M6 Szolnok 4313 Ano 0,45 0,68 0,04 0,00 10,87 0,00 19,82 66,79 0,01 0,02 0,07 0,00 0,00 98,84 
4 an 28 M6 Szolnok 4313 San 0,04 16,22 0,03 0,00 0,33 0,00 18,72 64,30 0,06 0,00 0,00 0,00 0,00 99,76 

















































43 an 34 M7 Szolnok 4103 Ab 0,30 0,02     11,33 0,01 19,79 68,88     0,07 0,01 0,03 
100,4
5 
43 an 35 M7 Szolnok 4103 Ab 0,11 0,09     11,42 0,01 19,98 68,92     0,05 0,00 0,04 
100,6
4 
43 an 36 M7 Szolnok 4103 San 0,03 15,88     0,18 0,00 19,41 64,92     0,06 0,00 0,01 
100,4
9 
43 an 40 M7 Szolnok 4103 Ab 0,10 0,04     11,47 0,02 19,93 68,18     0,08 0,03 0,05 99,89 
43 an 41 M7 Szolnok 4103 Ab 0,12 0,27     11,33 0,03 20,07 68,58     0,13 0,06 0,03 
100,6
6 
43 an 42 M7 Szolnok 4103 San 0,51 16,28     0,33 0,00 19,11 64,78     0,06 0,00 0,04 
101,1
4 
43 an 43 M7 Szolnok 4103 San 0,03 16,74     0,19 0,00 18,92 64,98     0,03 0,03 0,02 
100,9
3 
43 an 59 M7 Szolnok 4103 Ab 0,09 0,05     11,46 0,00 20,08 69,15     0,10 0,03 0,03 
100,9
8 
43 an 60 M7 Szolnok 4103 Ab 0,17 0,13     11,51 0,00 19,78 69,19     0,01 0,00 0,01 
100,8
1 
69 an 1 M7 Szolnok 3421 San 0,38 15,16     0,74 0,00 17,40 63,20     0,04 0,04 0,05 97,00 
69 an 2 M7 Szolnok 3421 San 0,18 15,01     0,79 0,00 17,76 63,62     0,05 0,00 0,00 97,40 
69 an 2 
Re M7 Szolnok 3421 San 0,19 15,78     0,81 0,00 18,36 65,74     0,09 0,05 0,04 
101,0
6 
69 an 3 M7 Szolnok 3421 San 0,04 15,45     0,53 0,00 17,78 63,06     0,05 0,04 0,05 97,00 
69 an 3 
Re M7 Szolnok 3421 San 0,02 16,38     0,51 0,01 18,21 64,99     0,02 0,05 0,01 
100,2
3 

















































82 an 10 
Mcs
1 Szolnok 3602 Ab 0,28 0,06 0,01 0,00 11,29 0,00 19,62 67,71 0,00 0,04 0,08 0,03 0,00 99,14 
82 an 18 
Mcs
1 Szolnok 3602 Ab 0,68 0,04 0,00 0,03 11,07 0,00 19,93 67,38 0,00 0,06 0,00 0,00 0,00 99,25 
82 an 19 
Mcs
1 Szolnok 3602 Ab 0,49 0,20 0,00 0,00 10,99 0,00 19,76 66,37 0,01 0,03 0,09 0,00 0,00 98,02 
82 an 9 
Mcs
1 Szolnok 3602 Ab 0,29 0,15 0,01 0,00 11,43 0,00 19,72 67,83 0,01 0,04 0,06 0,04 0,01 99,68 
88 an 61 
Mcs
1 Endrőd 4060 Ano 0,58 0,79     10,64 0,10 20,80 66,68     0,34 0,00 0,00 99,95 
88 an 62 
Mcs




an 1 B1 Algyő 2744 San 0,03 16,42 0,17 0,01 0,39 0,00 18,69 63,93 0,14 0,00 0,12 0,00 0,06 99,95 
B1/124 
an 17 B1 Algyő 2744 San 0,01 16,30 0,00 0,00 0,50 0,00 18,51 63,62 0,12 0,17 0,06 0,03 0,00 99,33 
B1/124 




an 19 B1 Algyő 2744 San 0,04 16,90 0,00 0,00 0,14 0,00 18,42 63,87 0,01 0,02 0,09 0,01 0,06 99,56 
B1/124 








an 5 B1 Algyő 2744 Ol 2,59 0,09 0,14 0,00 9,87 0,00 22,06 64,91 0,03 0,12 0,05 0,02 0,08 99,93 
B1/15 an 








1 K1 Algyő 3020 Ab 0,42 0,11 0,00 0,00 10,86 0,02 19,77 67,00 0,00 0,07 0,30 0,00 0,00 98,55 
K2/26 an 
























































16 K1 Algyő 3020 San 0,03 15,93 0,02 0,00 0,58 0,00 18,53 64,03 0,04 0,01 0,03 0,03 0,12 99,36 
KV1/3 an 
17 K1 Algyő 3020 Ol 0,96 0,11 0,00 0,00 10,80 0,00 20,28 66,61 0,00 0,04 0,08 0,06 0,00 98,94 
KV1/3 an 
19 K1 Algyő 3012 San 0,03 16,62 0,04 0,00 0,26 0,00 18,71 63,46 0,31 0,13 0,06 0,01 0,00 99,63 
KV1/3 an 
38 K1 Algyő 3012 San 0,03 16,80 0,03 0,03 0,20 0,00 18,47 63,72 0,25 0,03 0,03 0,09 0,12 99,79 
KV1/3 an 
39 K1 Algyő 3012 Ab 0,39 0,14 0,00 0,00 11,09 0,00 19,97 67,96 0,02 0,08 0,07 0,00 0,00 99,71 
KV1/3 an 
















an 9 K1 Algyő 3039 San 0,11 14,96 0,08 0,00 0,87 0,02 19,00 63,81 0,03 0,00 0,11 0,06 0,08 99,12 
KV2/5 an 
21 K1 Algyő 3036 San 0,07 15,89 0,04 0,00 0,53 0,01 18,34 63,25 0,01 0,01 0,10 0,08 0,00 98,33 
KV2/5 an 
3 K1 Algyő 3036 Ab 0,32 0,06 0,00 0,00 11,19 0,00 19,87 67,88 0,01 0,00 0,00 0,00 0,08 99,41 
KV2/5 an 








6 K1 Algyő 3036 San 0,23 16,61 0,25 0,02 0,32 0,00 18,85 63,00 0,03 0,00 0,05 0,00 0,03 99,38 
KV2/5 an 
7 K1 Algyő 3036 San 0,18 16,60 0,26 0,00 0,26 0,00 18,69 62,56 0,04 0,05 0,03 0,06 0,00 98,73 
 
  
Sample number Well formation depth Mineral Na (wt%) K (wt%) Ca (wt%) Fe (wt%) Mn (wt%) Mg (wt%) 
1 an 5 M6 Endrőd 5049 Albite 96,893 1,003 1,177 0,927 0,000 0,000 
1 an 6 M6 Endrőd 5049 Albite 95,447 0,613 2,973 0,439 0,528 0,000 
13 an 6 M7 Szolnok 3410 Anorthoclase 85,430 5,068 8,502 0,570 0,161 0,269 
13 an 7 M7 Szolnok 3410 Andesine 63,978 1,937 32,511 1,270 0,000 0,305 
26 an 10 M8 Endrőd 5471 Oligoclase 82,939 0,693 15,393 0,765 0,210 0,000 
26 an 13 M9 Endrőd 5471 Albite 96,204 0,622 1,700 1,092 0,351 0,031 
26 an 25 M10 Endrőd 5471 Oligoclase 81,123 0,984 16,122 1,322 0,250 0,199 
26 an 26 M11 Endrőd 5471 Albite 92,599 0,746 5,804 0,611 0,194 0,047 
26 an 35 M12 Endrőd 5471 Oligoclase 83,280 0,928 14,318 0,962 0,292 0,220 
26 an 9 M13 Endrőd 5471 Albite 96,246 0,633 2,114 0,847 0,161 0,000 
30 an12 Szk1 Szolnok 3035 Albite 96,453 0,708 1,968 0,554 0,317 0,000 
4 an 17 M6 Szolnok 4313 Albite 94,908 1,540 1,940 1,134 0,431 0,047 
4 an 18 M6 Szolnok 4313 Sanidine 0,658 99,141 0,000 0,171 0,016 0,014 
4 an 27 M6 Szolnok 4313 Anorthoclase 86,117 8,583 4,752 0,548 0,000 0,000 
4 an 28 M6 Szolnok 4313 Sanidine 1,270 98,537 0,194 0,000 0,000 0,000 
43 an 33 M7 Szolnok 4103 Albite 92,174 0,971 6,140 0,654 0,061 0,000 
43 an 34 M7 Szolnok 4103 Albite 95,487 0,269 3,383 0,645 0,089 0,126 
43 an 35 M7 Szolnok 4103 Albite 97,049 1,196 1,210 0,419 0,000 0,127 
43 an 36 M7 Szolnok 4103 Sanidine 0,694 98,892 0,157 0,257 0,000 0,000 
43 an 40 M7 Szolnok 4103 Albite 97,148 0,515 1,080 0,666 0,243 0,348 
43 an 41 M7 Szolnok 4103 Albite 93,076 3,520 1,291 1,085 0,506 0,522 
43 an 42 M7 Szolnok 4103 Sanidine 1,229 96,023 2,536 0,213 0,000 0,000 
43 an 43 M7 Szolnok 4103 Sanidine 0,691 98,949 0,129 0,101 0,129 0,000 
43 an 59 M7 Szolnok 4103 Albite 97,124 0,678 0,967 0,871 0,297 0,063 
43 an 60 M7 Szolnok 4103 Albite 96,233 1,764 1,874 0,114 0,000 0,016 
69 an 1 M7 Szolnok 3421 Sanidine 2,907 94,817 1,975 0,156 0,145 0,000 
69 an 2 M7 Szolnok 3421 Sanidine 3,132 95,742 0,937 0,188 0,000 0,000 
69 an 2 Re M7 Szolnok 3421 Sanidine 3,056 95,413 0,985 0,357 0,189 0,000 
69 an 3 M7 Szolnok 3421 Sanidine 2,086 97,354 0,212 0,202 0,146 0,000 
69 an 3 Re M7 Szolnok 3421 Sanidine 1,917 97,609 0,105 0,094 0,206 0,070 
69 an 4 M7 Szolnok 3421 Oligoclase 85,032 1,110 13,025 0,565 0,269 0,000 
 
Sample number Well formation depth Mineral Na (wt%) K (wt%) Ca (wt%) Fe (wt%) Mn (wt%) Mg (wt%) 
82 an 10 Mcs1 Szolnok 3602 Albite 95,139 0,781 3,167 0,680 0,232 0,000 
82 an 18 Mcs1 Szolnok 3602 Albite 91,857 0,544 7,599 0,000 0,000 0,000 
82 an 19 Mcs1 Szolnok 3602 Albite 91,134 2,704 5,398 0,765 0,000 0,000 
82 an 9 Mcs1 Szolnok 3602 Albite 93,985 1,972 3,169 0,474 0,384 0,015 
88 an 61 Mcs1 Endrőd 4060 Anorthoclase 80,383 9,568 5,885 2,724 0,000 1,440 
88 an 62 Mcs1 Endrőd 4060 Anorthoclase 88,531 1,297 9,833 0,219 0,000 0,120 
B1/124 an 1 B1 Algyő 2744 Sanidine 1,445 97,970 0,135 0,450 0,000 0,000 
B1/124 an 17 B1 Algyő 2744 Sanidine 1,879 97,710 0,040 0,248 0,123 0,000 
B1/124 an 18 B1 Algyő 2744 Anorthoclase 88,762 4,828 4,597 1,340 0,473 0,000 
B1/124 an 19 B1 Algyő 2744 Sanidine 0,516 98,881 0,211 0,357 0,035 0,000 
B1/124 an 2 B1 Algyő 2744 Sanidine 1,024 98,711 0,109 0,000 0,156 0,000 
B1/124 an 3 B1 Algyő 2303 Albite 91,102 2,344 5,388 0,738 0,382 0,046 
B1/124 an 5 B1 Algyő 2744 Oligoclase 72,836 1,003 25,672 0,348 0,141 0,000 
B1/15 an 22 B1 Algyő 2744 Sanidine 1,477 96,889 1,388 0,174 0,071 0,000 
B1/15 an 23 B1 Algyő 2303 Oligoclase 84,741 1,357 13,503 0,280 0,075 0,044 
K1/13 an 1 K1 Algyő 3020 Albite 90,814 1,443 4,770 2,628 0,000 0,344 
K2/26 an 10 K1 Algyő 3051 Oligoclase 86,764 2,123 10,039 0,877 0,077 0,120 
K2/26 an 9 K1 Algyő 3051 Sanidine 1,583 97,028 1,120 0,000 0,158 0,111 
KV1/3 an 16 K1 Algyő 3020 Sanidine 2,233 97,377 0,159 0,104 0,126 0,000 
KV1/3 an 17 K1 Algyő 3020 Oligoclase 86,887 1,389 10,502 0,692 0,530 0,000 
KV1/3 an 19 K1 Algyő 3012 Sanidine 0,962 98,629 0,125 0,233 0,051 0,000 
KV1/3 an 38 K1 Algyő 3012 Sanidine 0,727 98,668 0,158 0,115 0,331 0,000 
KV1/3 an 39 K1 Algyő 3012 Albite 93,150 1,907 4,353 0,590 0,000 0,000 
KV1/3 an 40 K1 Algyő 3012 Albite 93,316 2,630 3,456 0,598 0,000 0,000 
KV2/12 an 10 K1 Algyő 3039 Sanidine 1,837 97,528 0,167 0,293 0,160 0,014 
KV2/12 an 11 K1 Algyő 3039 Anorthoclase 80,395 15,636 3,379 0,591 0,000 0,000 
KV2/12 an 18 K1 Algyő 3039 Oligoclase 71,369 1,363 25,680 1,014 0,575 0,000 
KV2/12 an 9 K1 Algyő 3039 Sanidine 3,446 95,149 0,598 0,450 0,245 0,111 
KV2/5 an 21 K1 Algyő 3036 Sanidine 2,005 96,823 0,353 0,415 0,303 0,100 
KV2/5 an 3 K1 Algyő 3036 Albite 95,544 0,819 3,622 0,000 0,000 0,016 
 




KV2/5 an 5 K1 Algyő 3036 Albite 96,432 1,815 1,117 0,173 0,285 0,178 
KV2/5 an 6 K1 Algyő 3036 Sanidine 1,161 97,509 1,139 0,185 0,000 0,007 
KV2/5 an 7 K1 Algyő 3036 Sanidine 0,948 97,799 0,911 0,100 0,243 0,000 
KV2/5 an 4 K1 Algyő 3036 Albite 97,030 0,744 1,202 0,856 0,168 0,000 
 

